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Abstract 
Component-based technology applied to the control system of production machinery is 
one of the new research developments in the automotive sector. Although it is 
important to evaluate the technical aspects of this new paradigm, an appreciation of the 
impact from the business and human aspects is equally important to the stakeholders in 
the industry. However, the current evaluation approaches do not offer a method to 
capture and analyse the Component-based technology that is simple to use and 
produces results that are readily understood by the stakeholders involved in the process. 
~i 
This study is based upon a research project at Loughborough University to look into the 
effect of the implementation of a Component-based control system for production 
machinery in the automotive sector (referred to as the Component-based Approach,) 
and is focused on the business and the human aspects ofthe approach. Within the study 
a structured approach to evaluate the implementation of the Component-based approach 
has been adopted and developed. The approach supports the various phases of the . 
evaluation, from planning, data collection to the analysis of the data. An evaluation 
strategy has been formulated, comprising four stages: i) planning the evaluation, ii) 
evaluation design, iii) data collection methods and iv) analysis and reporting of the 
data. The methods used in the evaluation include: i) knowledge elicitation through 
interviews, analysis of documents and surveys, ii) the investigation of future 
implementation scenarios using scenario testing and iii) data representation and analysis 
using enterprise modelling approaches. The evaluation was conducted with respect to 
the various stakeholders in the industry, namely, the vehicle manufacturer, the 
component suppliers and the machine builders. Analysis was made from four 
viewpoints, namely: i) product, ii) process, iii) business, and iv) people. 
The evaluation approach was tested on three industrially focused case studies. This has 
enabled the identification of the benefits and issues associated with implementation of 
Component-based Approach in the automotive sector. 
The main contributions made by this research are: 
i) The identification and development of a mixed method approach for evaluating 
the Component-based Approach (and consequently any technological paradigm 
shifts within industry), incorporating knowledge elicitation, testing and analysis. 
ii) The application and evaluation of enterprise modelling techniques as an approach 
for data representation and analysis within technological change and assessment. 
iii) The identification of the benefits that a Component-based control system will 
bring to the different stakeholders in the automotive industry. 
iv) The identification and analysis of the business and human related issues that are 
likely to impact the various stakeholders in the automotive industry with the 
implementation of a Component-based control system in production machinery. 
Keywords: Evaluation, Component-based, Automotive, Enterprise modelling, 
CIMOSA, Process representation, Scenario Testing. 
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Chapter 1 
Introduction 
1.1 Motivations 
The automotive sector is a competitive, risky and high investment industry [I, 2]. It is 
constantly facing new challenges and frequently has to look for ways to reduce cost, 
increase production and gain a competitive edge. Enterprises in the automotive industry 
are actively looking for (i) new methods of production to manufacture faster, cheaper 
. and with increased quality and (ii) ways which enable them to react quickly to market 
changes. 
The design and the build of manufacturing machines for producing the car engines is 
one of the key areas in the lifecycle of automotive manufacturing. Over the years, 
different types of machinery had been used to meet the requirements of the particular 
age; for example, the Ford Motor Company developed special purpose machines for 
mass production of car parts, General Motors developed the transfer machine system 
and Japanese vehicle manufacturers developed flexible transfer lines in order to 
increase the variety of car models produced using the same systems [3]. The aim of the 
vehicle manufacturers is to develop new systems that will not compromise productivity 
for flexibility [4] and at the same time, reconfigure and reuse the existing systems so as 
to reduce cost [5]. A project initiated by the Manufacturing System Integration (MSl) 
Research Institute in Loughborough University has looked into adopting a Component-
Based Approach (CBA) for the design and implementation of engine production 
machinery. The aim was to convince the automotive manufacturers and \ suppliers not 
only would the CBA meet the manufacturing requirements of the vehicle manufacturers 
(i.e. better, cheaper, faster), it would also be able to solve some of the reconfiguration 
and reuse problems faced by the industry. 
The introduction of the CBA is a paradigm shift in the automotive industry. Such a 
change requires detailed research into its impact, such as technical impact, business 
impact and social impact (i.e. impact to the people in the industry) in order to provide 
justification for its implementation and adoption on future production systems. It 
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follows that industrial evaluation is necessary for the implementation of CBA and this 
calls for the development of suitable methods for the evaluation process. 
1.2 Current evaluation methods 
Any evaluation method needs to support readily a study of the effect of change [6, 7]. 
This could possibly be done through surveys using questionnaires or interviews with 
the stakeholders to assess the change. However, the main problem with the classical 
evaluation approaches was that there were no "Component-based products and tools" 
currently available for the stakeholders to appreciate their use and assess the 
implications of adopting the approach. In addition, the paradigm has been shown to 
require a radical change to working practices and system design and implementation 
[8]. That could not have been appreciated by automotive stakeholders prior to its 
implementation. The current data collection methods are good and workable when 
evaluating a programme or project that has already been carried out and they lack the 
capability when it comes to predicting or forecasting the effect of change. 
Review of the current evaluation methods also shown that there is a lack of simple, 
standard method to describe formally processes and enterprise interactions (see section 
3.3). Simple flow charts, graphical representation or standard textual documents are 
insufficient in representing and showing the interaction of processes and resources 
effectively. They do not enable an easy comparison and thus an analysis of the 
processes and resources involved in a multi-collaborators project such as the designing 
and building of machines. 
To assess the impact of Component-based (CB) changes on the production system 
design and build processes, there was a need for some form of experiments or tests to 
be conducted. From these experiments or testing, observations were made, looking into 
the changes in practices and work processes that would result from the adoption of the 
CBA. A set of requirements for the evaluation in this research has therefore been 
established. These are: 
i) To be able to understand and visualise the enterprise processes of the 
stakeholders, the actors and the activities within the enterprise 
ii) To capture fully the activities of the stakeholders and their interactions 
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iii) To be able to perform "what if' analyses 
iv) To have an understanding and illustration of how potential users could work 
within the system 
1.3 The Research 
The problem that has been defined for the research in this thesis is summarised 
schematically in Figure 1.1. The research outlined in this thesis is based upon three 
projects undertaken by the MSI Research Institute to develop the CBA for engine 
production machinery in the automotive sector. The research focused on i) defining a 
method for evaluating a new technology i.e. the implementation of CBA for engine 
produCtion machinery and ii) evaluating the business and humall1 issues related to the 
implementing of the CBA and the effect that its adoption would have on the automotive 
stakeholders. 
Solution offered by CBA 
-0-
Case Study: (3 projects by MSI) 
Focus on Human & Business aspects 
Data Elicitatlon Data Representation Data Analysis 
Classical evaluation methods Enterprise Modelling Methods Quantftative & Qualitative 
--'-\" 
Figure t.t Research definition for this thesis 
To evaluate the CBA, a strategy was developed which provides an overall guidance to 
the evaluation process adopted. This strategy consists of i) planning the evaluation, ii) 
selecting an evaluation approach, iii) determining the methods for collecting data and 
iv) data analysis and presentation. An evaluation approach consisting of three main 
I Human issues refer to impact to people in the industry, as opposed to the ergonomic factors. 
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aspects was fonnulated, namely i) data elicitation, ii) data representation, and iii) data 
analysis. Mixed methods have been used to understand the domains of interest, assess 
future implementation and data representation and analysis (see Chapter 5). Enterprise 
modelling approaches have been used in the research to: i) represent the data and ii) 
provide a basic method for comparison of the current process and the future CBA 
process. Static enterprise models of the stakeholders' business processes have been 
created and subsequently used to develop dynamic models of the processes. In tenns of 
data analysis, both quantitative and qualitative analysis will be conducted. Quantitative 
analysis will be conducted using dynamic modelling. Dynamic modelling provides the 
means for perfonning "what-if' analysis by enabling the behaviour of the system with 
respect to, for example, time and resources changes, to be studied. To ensure data 
consistency between the static model and dynamic model, a modular structure for 
organising processes, infonnation and resources has been developed. Modelling method 
has also been adopted to represent the processes involved in developing a machine 
based on the CBA. Such a representation enables the potential users to appreciate the 
activities and the resources involved in producing CBA machines. 
The design and build of complex engine production machinery currently requires multi-
collaborator input. Central to the project is the vehicle manufacturer, who designs and 
produces the engine and subsequently assembles the complete vehicle. The other main 
partners are the machine builders and the component suppliers, also known as Tier-l 
and Tier-2 suppliers to the vehicle manufacturer respectively. The machine builder is 
responsible for the design and manufacture of the production machinery and the 
component suppliers provide the required components for the machines. 
For the qualitative analysis, all of the three main stakeholders in the automotive 
machine design implementation process must be included in the evaluation exercise and 
their individual views and experiences taken into consideration. Moreover, there are 
many different aspects of the project that need to be considered. These aspects include 
for example business / workflow processes, product development, human resources and 
business considerations. CBA technology is expected to have the largest impact on the 
machine builders since in reality these enterprises are solely responsible for the 
conceptual design, detailed design, build, test and maintenance of the automotive 
production systems. Thus the evaluation in this research has been focussed around the 
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machine builder (i.e. transfer machining and assembly) processes with the vehicle 
manufacturers' and component suppliers' inputs included when and where relevant. 
1.4 Organisation of Thesis 
A general review of relevant research literature is presented in Chapter 2. The research 
focus and design of the work that forms the basis of this thesis are presented in Chapter 
3 and the formulation of the evaluation strategy explained in Chapter 4. The data 
collection methods that have been used in this research are described in Chapter 5 and 
an explanation of how the enterprise modelling approach was utilised for data 
representation and analysis given in Chapter 6. The case studies are described in 
Chapter 7 and the results and analysis are presented in· Chapter 8. Conclusions, 
discussions of contribution to knowledge and further work are detailed in Chapter 9. 
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Literature Review 
2.1 Introduction 
The general backgrounds to the research topics which are relevant to this thesis are 
reviewed in this chapter. These are: i) the current issues associated with the automotive 
sector, ii) component based systems, iii) evaluation techniques and iv) enterprise 
modelling. 
In Section 2.2, discussion about the automotive sector provides a global picture of the 
development in this domain with the subsequent focus being on the process of machine 
design and build. The problems and issues of concern that are faced will be explained. 
The opportunities for development of the component-based approach (CBA) in the 
automotive sector will be developed in Section 2.3 by referencing CBA advantages, 
drivers and impact as appreciated by the software industry. The CBA in the software 
industry is the most mature with respect to the application of the architecture and 
technology and hence is detailed in the discussion. 
Evaluation is one of the major aspects of this work, thus a general review of the 
techniques for evaluation is presented in Section 2.4. Furthermore, since enterprise 
modelling has been used in this work as part of the evaluation method, a general 
background on the constructs and development process is provided in Section 2.5. 
2.2 Requirement Analysis of Automotive Sector 
Automotive production is the largest and one of the most complex manufacturing 
sectors in the world [2, 9]. The manufacturing of vehicles involves a range of 
industries, ranging from raw materials generation, vehicle components supply, 
production machinery design and development, to assembly of vehicles [2]. It is an 
expensive, time-consuming and risky investment [10] but contributes to employment in 
various industries and is an essential provider of revenue for many countries throughout 
the world [11]. 
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Nonetheless, over the past decade the global automotive indusny has been suffering 
from over capacity. Ironically, this has not inhibited the growth in production around 
the world. According to the data from Automotive News Data Centre [12], the global 
production of cars in 2000 had increased across most regions (see Table 2.1). 
Simultaneously, the indusny is experiencing reorganisation and consolidation through 
mergers and acquisitions. One of the decisive factors for mergers and acquisitions is 
synergies, which seek to broaden the product range, increase bargaining power, 
generate economies of scales and cut cost through joint production and development 
[13-15]. In addition to global mergers and co-operation on projects is the trend towards 
reducing the. number of suppliers and the outsourcing non-core wolk to sub-
contractors/suppliers [15, 16]. The vehicle manufacturers (VMs) hope that by adopting 
this policy they will be able to have cost benefits in terms of purchasing efficiency and 
supply base management [17]. On the other hand, the automotive manufacturers have 
begun to concentrate their effort on their core-competencies of designing and 
assembling cars. They are now relying on the suppliers to supply "systems" which are 
defined in terms of function such as the steering system, the braking system and driver 
information systems [18]. The suppliers, in order to increase their capability, are also 
undergoing mergers and acquisitions in response to changes in the VMs [19]. 
Global Production of Cars in Yr 1999 and Yr 2000 
2000 1999 Percent 
change 
Africa 305,713 300,015 1.9 
. Asia Pacific 13,332,634 12,616,289 5.7 
Central and South America 1,698,844 1,418,787 19.7 
Eastern Europe 2,646,446 2,470,134 7.1 
Middle East 571,430 464,041 23.1 
North America 8,372,108 8,261,117 1.3 
Western Europe 15,319,360 15,373,340 -0.4 
Table 2.1 Global production of cars in Year 1999 and 2000 (adapted from Automotive News Data 
Centre [12]) 
2.2.1 Challenges in the sector 
The automotive indusny is constantly subjected to and in the process of 
accommodating changes. These changes are generally attributed to the following 
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factors: i) globalisation, ii) reduction in the product time to market, iii) the need for 
product differentiation and iv) cost reduction pressures [1,20]. 
G/oballsation 
GIobalisation developed rapidly in the I990s [15]. Many VMs faced slow growing and 
saturated markets in their home countries. At the same time, they faced competition 
from VMs from other countries (for example Japanese cars entering the US market) 
[21]. In addition, there was excess production capacity. These factors prompted the 
VMs to shift their attention to the emerging markets such as Latin America, North and 
South Asia, China and India, where the markets are forecasted to grow at more than 
double the average industry rate over the next ten years [10]. Furthermore, the 
production costs (particularly wage costs) are often lower in the emerging markets and 
in addition some countries offer trade benefits (such as North America Free Trade 
Agreement, i.e. NAFTA and the European Union) which are also incentives to the 
VMs. At the same time, the suppliers to these VMs follow the footsteps of the VMs, so 
that they can respond to the needs of the clients wherever they are located [10, 16,21]. 
The internationalisation trend has led to the global sourcing of suppliers by the VMs. 
VM's now source from worldwide suppliers who are capable of offering them optimal 
cost, quality and service terms [16]. These suppliers could either be located in the same 
country or located in other countries. 
Reduce Product Time to Market 
Sterner competition has also forced the VMs to introduce more models of cars onto the 
market with an ever shortening product life. It has been found that the delaying of 
launching a product on the market is costly to the VMs [22]. For a product which has a 
life of five years, a six months delay in its launch will cause a 32% reduction in profits 
[22]. Already some VMs are trying to shorten the duration of the development project 
from 48 months to 24 months and indeed some are targeting 21 months [23]. Already 
two Japanese VMs, Toyota and Honda, have refined their product development cycles 
to introduce new models in as little as 24 months as compared to the three to four years 
previously [24]. The shortening of product life means that there is less time available to 
recover the research and development costs. Losing out in bringing the products to 
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market in competitive timescales, however, would mean a loss in revenue to 
competitors. 
Product Differentiation 
'Nowadays, many vehicles on the market have similar functions and performance 
characteristics [10]. To increase market share, the VMs strive to offer differentiated 
products that will win over the customers. People carriers, sports utility vehicles and 
off-road vehicles are some of the results of product differentiation [25]. VMs strive to 
offer vehicles that are better adapted to new consumer attitudes such as combination of 
comfort and practicality of minivans in Europe and light trucks in the United States 
[16]. Through the acquisition and merging with other automotive companies, 
automotive manufacturers hope to be able, not only achieve economies of scale, but 
also produce a car for every segment of the market or every type of consumers [14]. 
Cost Pressure 
Automotive production is highly capital intensive and risky, requiring huge investments 
in product development, model-specific tooling and production facilities. For example 
the recent 14/ 15 diesel engine project within Ford was costed at $2.5 billion (private 
communication). The increased varieties of car models and the increasing complexity 
of the car increases the cost of product development[14]. In fact, cost reduction and 
increased product variety are the two main objectives the VMs have identified as key to 
strengthening their competitiveness [16]. To reduce the product development cost, VMs 
have adopted the strategy of having "common platform" [15, 26, 27]. The idea is to 
produce and market a "common" vehicle for the major markets by sharing a large 
number of components. Adjustments to aesthetic components enable response to local 
adaptations in the markets to be achieved. This common platform policy enables the 
VMs to enjoy economies of scale, through: i) the joint production of engines and new 
models across the different markets and ii) eliminating redundancies in development 
costs and the number of platforms offered in market [24, 28]. Such a strategy is 
implemented not only within the organisation itself, but also among other VMs within 
the same consortium, for example, the compacted graphite iron engine produced by 
Ford, is also supplied to Land Rover, Jaguar and Peugeot-Citro1!n Group [29]. 
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2.2.2 Lifecycle of Machine Design and Build 
Against the backdrop of globalisation, competition and increasing cost pressures, the 
process of designing and building the production machinery for the production of car 
engines, (i.e. the main focus of this research work), has no doubt been subjected to 
similar pressures. 
In this process the stakeholders involved are: the end user, the machine builder and the 
component supplier. End users are the automotive production companies that design, 
build and distribute new automotive vehicles, i.e. vehicle manufacturers. Machine 
builders, also known as original equipment manufacturers (OEMs), are known as the 
Tier-l suppliers to the end users; they design, develop and install the production 
machineries for the end users. The component suppliers are producers or vendors of 
control hardware, such as servo drives, hydraulic and pneumatic actuators and sensors. 
They supply the hardware to the machine builders and are known as the Tier-2 
suppliers to the end users [30]. 
A schematic of the engine product design process is as shown in Figure 2.1. Currently, 
the product development period typically takes 42 months (i.e. almost twice as long as 
the targeted 21 months). The process begins with the conceptualisation of a new car 
model and the engine associated with it. This leads to a period of product design for 
production and even before the concept is fmalised, the end user will contact the 
machine builder to begin the process for design and building the engine manufacturing 
systems. It is noted that the overlapping of the processes is necessary to compress the 
timescales but is, however, susceptible to time and cost risks associated with late 
changes to the product and process. It is vital that these issues can be addressed. The 
production machinery designlbuild process is deemed as the riskiest since it is hard to 
change the software and the hardware in current systems, especially late within the 
development lifecycie. It has been reported that late changes are the major source of 
cost variance in current projects [31]. 
~ __ r 
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I Product Design for Production I 
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Figure 2,1 Product Development and machine design and build process, 
Install 
The process of Production Machinery DesignlBuild (detailed expanded in the lower 
diagram in Figure 2.1) typically takes 53 weeks to implement. At the start of the 
project, the VMs will invite the machine builders and component suppliers to 
participate in simultaneous engineering meetings to identify technical and economic 
issues associated with the new engine project. This is followed by the conceptual design 
of the machine production system. The mechanical design, electrical design, control 
design, building, testing and installation of the machines are all carried out by the 
machine builder at their sites. The end user sends its engineers to inspect and monitor 
the processes and system build at specific stages with the development lifecycle. At 
each stage of the development, approval from the end user is required in order to 
proceed to the next stage of the development. The machine builder's main task is to 
design and implement the mechanical, control, electrical and hydraulic systems. Some 
machine builders also sub-contract certain parts of the work to specialist component 
builders or system designers. 
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When the machine has been assembled, tests are conducted to ensure that the machine 
meets the production requirements of the end user, e.g. quality, throughput, error 
recovery, functionality, user interface capability and diagnostics and maintenance 
support [32]. When the final machine has been approved by the end users, the machine 
is stripped down, shipped and installed on the shopfloor of the end user. Machine 
builders also send their engineers to undertake on site commissioning and testing of the 
system. Following the completion of the production machinery realization process, the 
end user is ready to produce the first engine (known as Job 1). The system will still be 
under constant inspection by the machine builders for several months to ensure that the 
machines are in good working order. It is not unknown for machine builders to be 
involved in the· operation and maintenance of the production system throughout its 
complete lifetime. 
2.2.3 Problems and Issues involved 
Extensive interviews with the stakeholders have identified several issues and problems 
associated with the current process of machine design and build. These have been 
summarised graphically in Figure 2.2. 
i) Paper based Documentation requiring Translation 
The documentation within the machine builder enterprise is largely paper-based. 
Different engineers will produce different sets of drawings and documents and these 
are passed on to other engineers further down the process chain to develop as 
required. At every stage, interpretation and translation of the documents are 
undertaken to suit individual requirements. This process of interpretation and 
translation is inevitably vulnerable to errors. For example, within the same 
organisation, different departments have different naming conventions for the 
devices or equipment. Consequently, meetings have to be held to sort out the 
discrepancies and standardise on the name for the equipment. In many cases, errors 
are not discovered until late in the process during hardware implementation. 
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Figure 2.2 Problems faced during the process of machine build and design 
ii) Lack of Common Tool for Data Representation 
The paper based documentation issue described in the earlier paragraph also 
illustrate a lack of a common data representation in the process. Engineers involved 
in the process perform their roles by using a set of specialised tools and methods that 
include computer aided design (CAD) tools, vendor specified ladder logic 
programming tools and charting of timing diagrams [33]. For example, the process 
description of the functionality of the production machinery is given to the 
mechanical department in the format of a set of words that indicate the movement of 
actuators and the states of sensors. This is re-interpreted into timing diagrams (i.e. 
diagrammatic representation of the time sequence of sensor and actuator states 
similar to Gantt charts for project activity progression [32]) by the mechanical 
engineer who will then pass it on to the control engineer. Based on the timing 
diagram, the control engineer will generate the equivalent control timing diagrams 
and re-express them into ladder logic programming for the programmable logic 
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control software [33]. This is illustrated schematically in Figure 2.3. It is evident 
from Figure 2.3 that the specification of machine behaviour cannot be shared easily 
among all the different engineers (i.e. process, mechanical and control engineers). 
Although there is a common repository for certain information such as scheduling, 
change management and purchasing, each department maintains its own data sets 
pertaining to their specific requirements. There is far too much repetition of effort 
and re-interpretation within the current process. 
It could be seen that the tools used by each engineering department could not 
interoperate effectively without significant development effort. Integration of the 
large range of current systems would be extremely time consuming and costly, and if 
changes were required, the process of interpretation and re-interpretation would still 
to be repeated, and as mentioned earlier, the translation and interpretation process 
would still be vulnerable to errors. 
Globalisation has resulted in the fact that the VMs activities (such as design, 
production, marketing, distribution) are geographically distributed around the world. 
For example in Ford's I4IIS engine production programme, the "engine product 
engineering" was conducted in Japan, the ''business office" was set up in Germany, 
"manufacturing engineering" was undertaken in UK and five separate manufacturing 
plants were implemented worldwide [34]. Such a distribution of activities requires 
good communication and coordination. Furthermore there is an implicit need to have 
a common data representation that could coordinate and support the inter-working 
and decision making ofthe distributed engineering teams [34]. 
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Figure 2.3 Graphical illustration of the problems in translation and the lack of common data 
representation 
iii) Changes throughout the /ifecyc/e 
Although the SE process conducted at the beginning of the production machinery 
designlbuild process is aimed at the early identification of functional, technical and 
financial issues and possibly developing a solution for them, changes are still 
inevitable throughout the process. Changes that are necessary at the later stages of 
the project are most costly because all earlier work needs to be re-evaluated and new 
investments of resources are required. Since increasing market competition has 
forced the end user to introduce immature products onto the market, even though SE 
had been conducted, the production design cannot be finalised by the machine 
builder almost until shipment to the end user production facility. Hence, changes 
occur frequently during the development of the production system [35]. Figure 2.4 
shows the tracking of different type of changes that have occurred during a particular 
machine design and build project, in which the product design was immature (names 
and date has been omitted for confidentiality reasons). There are a total of eleven 
types of changes and only six of the most costly changes are shown in the graph. For 
example, a product change (Le. changes to the design of the engine block) would 
imply re-assessment of the machine design which will include changes in 
mechanical design, electrical design, control design and project scheduling (due to 
Page 15 
Chapter 2 Literature Review 
the re-purchas ing and deli very of equipment). The changes resulted in the 
postponement of the delivery date, and the cost implications associated wi th such 
changes were hi gh. The changes not only affected the machine bui lder, but had an 
impact to the end user as we ll, both in terms of late delivery to the market of the 
product and associated loss of revenue. Nevertheless, such si tuati ons are ex pected to 
continue due to the increasing globa l market competiti on. 
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Figure 2.4 Amount of changes that occur during the design and bu ilding of production 
machinery. 
iv) Late verification of automation system 
Currently the verifi cation of the automation system is only poss ible when the 
so ftware and hardware systems are assemb led. Throughout the design process, there 
are no too ls available for the engineers to verify their design prior to bu il d. The 
phys ica l machine des ign and the control system des ign activities remain iso lated 
from one another. Verifi cation can onl y be carried out during comm issioni ng when 
all the mechanical, e lectr ica l and contro l parts have been integrated. Delays within 
the earli er processes often have the resu lt that time is limited at this stage and hence, 
successful projects very much depend on the eng ineers ' experience to get th ings 
right first time. Any rectification of inconsistencies can be very costly in terms of 
t ime and engineering effort required. Based on interv iews with the machine builders, 
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it has been found that parts may be missing at this stage, due to late delivery. Under 
such circumstances, manufacturing engineers might have to "tweak" the machine 
such that it can still run without the missing parts and replace the parts as and when 
they become available. At other times, late requests for changes have also resulted in 
the machine builders having no time to test the impact of the change. They often 
have no option but to implement the change directly when setting up the machine at 
the end user's site. 
v) No SimulatlonNisualisatlon Tools 
Currently, it is not a common practice for machine builders in the automation sector 
to use simulation for the verification of machine design and process simulation even 
though such techniques are already available [36, 37]. Although they acknowledge 
the advantages of simulation, the creation of virtual models of the system requires 
extra resources (i.e. both time and human resources) which due to cost and time 
pressures they are reluctant to take on. Simulation is also seldom reliable because the 
behaviour of the virtual system, which is constructed separately without the 
associated control behaviour of the targeted system, often does not accurately mirror 
the true system behaviour. 
vi) Lack of Support for Remote Diagnostic 
Machine builders have to deploy their engineers to the end user's production site for 
up to a year following the delivery of a new machine. The engineers' jobs are to 
make sure that the machine remains in good working order and also to train the 
operators and transfer maintenance skills to onsite engineers. Thereafter, whenever 
there is any problem with the system that the end user cannot solve, they call on the 
machine builder which frequently results in the dispatching of their engineers to the 
production facility. Very often, the engineers go to the site without an accurate 
picture of the problem, as it is difficult for the engineers to describe precisely the 
problem over the telephone. 
Although the machine builders are able to logon to the end users' machine remotely, 
they can only access the control software of the machine. At the moment, they do 
not use 3D model simulation of the machine in real time. Feedback from the 
machine builders shows that they would prefer to have a visualisation of the machine 
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in real time and check the performance against the control software coding but again 
are reluctant to incur the cost that they assume would be associated with this 
capability. 
vii)Hlgh Reliance on Experience in Design and Implementation 
As is evident from the above, the process of design and developing the production 
machinery is highly experienced based. Developments of machines are largely 
similar across projects and the process relies heavily on the expertise of those who 
have participated in similar projects in the past. Engineers who are familiar with 
previous projects, reuse as much of the design as possible, including mechanical, 
electrical and control design. In many cases, they just "cut and paste" fragments 
from previous projects, making appropriate alteration to suit the needs of the new 
project. 
This high reliance on experience is a major problem since it is not unknown for the 
highly experience engineers to leave the company without the knowledge being 
passed on to other relatively less experienced engineers. There is a requirement to 
capture this experience and knowledge so that it could be easily shared among the 
next generation of engineers. 
viii) Lack of support for reuse 
The lack of support for reuse is related to the previous issue of a current high 
reliance on experience. Interviews with the machine builders have shown that there 
is a lot of reuse in terms of mechanical, control and electrical design. As one of the 
machine builders had mentioned, about 70% of their control functions are repetitive, 
however, the ability to reuse these previous work is usually undertaken by "asking 
around"; it depends on whether anyone in the team could remember whether a 
similar design had been used in previous projects [38]. The designs are reused 
exclusively using the "cut and paste" method. This shows again that having previous 
experiences of working in previous projects is important (i.e. highly reliance on 
experience). Much as the machine builders would like to reuse the designs in a more 
systematic manner, there is currently no such support available. 
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From the hardware perspective, end users are expressing interest in upgrading and 
reusing their current'machines for new projects so as to reduce new product 
development costs. However, there are several issues associated with the reuse of the 
old equipments. First some of the devices might be outside of their useful product 
life and it is not feasible to reuse them. Secondly, the cost of re-engineering the old 
devices might be prohibitive. Feedback from the machine builders has shown that 
the engineering cost of reusing older devices is high because they have to modifY 
these devices so that they will be compatible with "upgraded" technology. They are 
somewhat reluctant to reuse because in most cases, the machine builders have to 
absorb the engineering and compatibility costs. Thirdly, maintenance cost for older 
machines is high. Fourthly, older devices do not have warranty, only the new 
devices are warranted by the component suppliers. Lastly, there is the logistical issue 
for re-engineering of the older machines, which the parties involved have to decide 
where will the re-engineering of the machine be carried out. 
There has to be incentives for the machine builders to support the reuse of the older 
equipment, such as, for example, a reduction in development time and the ability to 
reuse the equipment easily without much re-engineering. 
2.2.4 Manufacturing Requirements 
Based on the above discussion, a set of desired attributes for automotive manufacturing 
systems have been identified: 
• To be able to respond and react quickly and accommodate changes throughout the 
lifecycIe. 
• A high degree of reuse is desired throughout the lifecycle of machine desigu and 
build. This includes reuse of automation hardware, control software, engineering 
knowledge and best practices acquired from previous projects. 
• A common data representation is required to support the various phases of the 
lifecycIe. A consistent data representation would help to reduce repetitive work of 
interpretation and translation of desigu specification. This common representation 
seems all the more important when the partuers in the projects have differences in 
(i) geographical location, (ii) levels of experience and understanding, and (iii) 
cultural and language backgrounds. 
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o Visualisation of system behaviour through modelling and simulation prior to 
installation is desired. This would enable the control engineer to validate the 
system before the physical assembly. 
o There is also a need for an approach that will enable the machine design and the 
associated control behaviour to be available to all interested parties throughout the 
lifecycle. It has to be in a format in which the users can easily relate to. 
o A more integrated support for the system diagnostics and maintenance is required. 
o Business process and functional benefits of innovations, new technical 
architectures and approaches need to be appreciated readily by non-technical 
managers to ensure commitment, uptake and investment are achieved. 
2.3 Component Based 
It has been the aim of the MSI Research Institute at Loughborough University to 
demonstrate the applicability of the CBA in achieving the desired attributes within the 
automotive industry outlined in the bullet points in the previous section. Component 
based approaches to system development have gained much momentum from the 
software industry. It has been adopted and widely used in software development [12]. 
The focus of this thesis is to not to present the technical or implementation details of the 
CBA, but to provide the business impact of CBA's within the automotive domain. The 
following discussion provides a brief description of component-based software 
engineering and reviews the advantages that the component-based approach has 
brought to the software industry. It is hoped that this discussion will enable the 
advantages that the approach could provide to automotive manufacturing to be 
appreciated. In the software industry the CBA is only applicable to the software and 
does not include the hardware aspect required within automotive production systems. It 
is nevertheless a mature component based domain (in terms of the application, 
architecture and technology) that could be used as a reference for automotive 
manufacturing. 
2.3.1 Component Based Software Engineering 
The engineering of component based software systems, which enables the building of 
systems that have predictable properties in a repeatable way has been termed as 
Component Based Software Engineering (CBSE) [39]. The foundation of the CBSE 
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paradigm is that in large software systems, there are certain parts which reappear 
regularly and these common software parts could be written once, and in many cases, 
reused many times. These reusable parts in a system are structured into components. 
CBSE has shifted the emphasis from programming software to composing software 
systems [14]. Furthermore, CBSE encourages the use of "commercial off the shelf' 
products, which are aligned with the "buy, don't build" philosophy advocated by 
Brooks [40]. 
There are many definitions of a component [12, 41-47]. The definitions vary according 
to the different applications domains and thus each definition has different focus [48]. 
In general terms, a component is a self-contained part or subsystem that can be used as 
a building block in the design of a larger system [12, 14, 33, 44] and provides specific 
services to its environment across well-specified interfaces [12]. The different 
definitions of components do not affect the basic characteristics and the advantages that 
adopting the CBA has enabled. 
2.3.2 Characteristics of Components 
In software development, the characteristics of a component include: encapsulation, 
interface, reuse and plug and play capability. 
I) Encapsulation 
Encapsulation has been defmed as ''the inclusion of one thing within another thing 
so that the included thing is not apparent" [49]. In the CBA, encapsulation is the 
process of hiding the implementation or code that is required for the component to 
function and this code is accessed by an interface exposed to the user of the 
component. Users can adhere to the interface to use the component without having 
to know how the component accomplishes the task. The main idea of encapsulating 
a component is "Don't tell me how you do it, just do it" [49]. 
ii) Interface 
Each component is accessible to the user via its interface(s). The interface enables 
the user to understand in general what the component can do [45]. It is thus also a 
means by which the user "communicates" with the component. The fact that 
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interfaces have been clearly defmed enables a component to be reused even if the 
user does not know the programming language or platform it uses internally; the 
same specification may be implemented in several different ways[37]. 
iii) Reuse 
One of the most important arguments in adopting CBA is software reuse. It follows 
that in a large software system, there are certain parts which have sufficient 
regularity, that these parts could be written once and reused many times. These parts 
could also be reused in other systems which require similar functionality. Veryard 
[44] has broadened the definition of component reuse to include the reuse of 
knowledge and intellectual property. Many of the advantages of the CBA are 
associated with the savings in cost and time when components are reused. 
iv) Plug & Play 
To "plug and play" a component means to plug the component into a device (or 
another component) and have the device recognise that the component is present. 
The user gets expected services from a given configuration of devices. In addition, 
plug and play implies that the user is able to substitute easily the component with 
another component [50]. 
2.3.3 Drivers for CBA In Software Industry 
The CBA has been perceived as key for developing systems in a cost-and-time effective 
marmer [12, 14, 39, 43, 45, 50]. The advantages of the CBA drive its development in 
the software industry and these are closely related to the characteristics of the 
components. For example the CBA has been claimed to provide the following 
advantages to implementers and end users: 
i) Improves productivity 
One of the· arguments is that CBA improves system designers' and system 
implementers' productivity. This stemmed from the assumption that if components 
(i.e. software code) can be reused, implementers do not have to start from scratch 
and productivity will increase. The Software Engineering Institute at Carnegie 
Mellon University conducted a thorough survey and concluded that the reasons for 
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embracing the CBA is economic rather than technological [39]. Their survey 
concluded that the software market has the maturity and an increasing size to support 
software reuse and this provides sufficient economic incentive to embrace software 
reuse. 
ii) Improves time to market 
The reduction of time to market is closely related to increased productivity. The fact 
that a component has well-defined boundaries implies that parallel development is 
possible. Multiple teams can develop different components at the same time [43, 45, 
48]. Building software from. scratch takes considerable time. By assembling 
components that are already available, capabilities can be delivered more quickly. 
Where coding is required, the modularity and encapsulation of the system make it 
easier to understand the logic and make the appropriate changes more quickly [45, 
50]. 
The reduction in time to market can be attributed to two main reasons: well-
structured application architectures and higher levels of abstraction. Since the CBA 
requires a structured approach towards system implementation, the components are 
configured and interconnected within a well-defined application architecture. This 
well-defined architecture helps to streamline the process of system building and 
systems could be built within a relatively short period of time [39]. Secondly, the 
use of component technology increases the level of abstraction and more complexity 
could be packaged into a component framework. At the same time, because the 
component framework distinguishes between infrastructure builder and application 
builder, the skills required for development are differentiated and separated. 
Ill) Lifecycle cost and risk mitigation 
Cost savings from CBSE results not only from the ability to reuse components but 
also from the reduced integration effort [50]. Reusing software saves the 
programmer's effort from developing from scratch and thus a saving in development 
cost. Maintenance cost is also reduced because of the ability to isolate problems and 
make changes to their implementation without affecting the rest of the system. As 
noted by Butler et al. [50], the cost of moditying a component is 20% that of 
developing it from scratch. The savings arise from leveraging all of the requirements 
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analysis, design and testing effort expended to create it. Using components that have 
been proven within a framework eliminates unknowns and risk associated with 
technical, cost and scheduling [39). 
Iv) Assured quality and improve reliability 
Components that are reused many times are likely to be more reliable than new, 
hand-coded components [43). This also implies that the quality of components is 
assured with reused components, because these components have been proven that 
they work. By the same argument, applications that have been reused many times 
will be more reliable and the quality assured than newly designed and implemented 
applications. 
v) Adaptable and flexible infrastructure 
The common and interoperable information infrastructure of CBSE set the 
foundation for an adaptive architecture that enables faster time to market of new 
capabilities [50). The clear and well-defined structure of a component based 
architecture makes applications easier to understand and maintain. The 
encapsulating functionality of a component facilitates "plug and play", making it 
easier to replace functionality as business requirements change. 
2.3.4 Enablers In Software Industry 
The move to CBA's in the software domain has provided many benefits to the industry. 
However there are many issues that have enabled the benefits to be realised. Typical 
driving forces behind the success are: 
i) Available of standards and available technology 
There is an general acceptance of the standards set by market leaders [12) and this 
provide a good foundation and gives enterprises confidence to design their 
architecture based on components. Based on the architecture, end users can 
determine how to acquire the components that are required for their application 
areas, purchase them from the marketplace, build them internally, reuse them from 
legacy applications, or commission their development by outside providers [50). 
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ii) Commercially available components 
With the wide acceptance of component concepts, there are a large number of 
suppliers of commercially available components. These products, also known as 
'commercially off the shelf (COTS) components, are "ready made" components, 
which can be used and integrated readily into a system [42]. Independently 
developed components based on widely adopted component technologies such as 
IavaBeans, EJB from Sun and COM / DCOM (Components Object Model / 
Distributed Components Object Model) from Microsoft, allows components to be 
deployed and collaborated with one another [12]. 
Hi) Best practices 
In the software industry, the component concept has been evolving since 1990s and 
some companies have succeeded in applying the concepts in profitable applications. 
Knowledge from these companies has been shared within the industry and 
increasingly this has been used as the basis of an industry-accepted interoperability 
standards [12, 50]. Along with the standards come best practices derived from 
successful applications experience. These practices are exploited and provide a good 
start for adopting the component concept. 
2.3.5 Impact of CBA in the Software Industry 
The implementation of CBA has represented a major paradigm shift in the software 
industry. It brought about several changes and several authors [12, 41, 48, 50, 51] have 
written about the impact it has on the industry. In general, there are three main user 
groups in the software industry: the component providers, component integrators and 
the integrated system users [41]. Brereton and Budgen [41] have developed a 
framework for analysing issues of the CB development in the software industry. Under 
this framework, there are three classifications of issues or viewpoints: product, process 
(i.e. development process) and people. The people viewpoint is further sub-divided into 
business and people. Each of these issues is viewed from the perspective of the 
component providers, component integrators and the integrated system users. The 
author has adapted the framework created by Brereton and Budgen [41] to summarise 
the impact of the implementation of the CBA in the software industry (Figure 2.5). 
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Figure 2.5 Impact of CBA in the software industry from the perspectives of the stakeholders i.e. 
component providers, component integrators and integrated system users. (adapted from Brereton 
and Budgen 2000 (411) 2 
2.3.5.1 Product Issues 
The component providers and the component integrators are the two main groups that 
are affected from the product perspective. 
Component Providers 
New Product Development Strategy 
The component providers, as suppliers of components, build components for a 
variety of applications. They have to identify the common components that are often 
used in a system. These components have to be portable and interoperable across 
2 Similar diagrams have been drawn to analyse the advantages and the impact of implementing CBA in 
the automotive manufacturing domain in Chapter 8. 
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different systems. Increasingly, component providers are developing products based 
on a set of standards, component platforms and component tools which will support 
the CBA [39, 48]. 
Design Reusable Products 
The component providers have to design components that are reusable. Such a move 
requires the component providers to develop components that conform to a common 
standard and provide a clear description of the components. 
Component Integrators 
Change of Development Focus 
The use of commercially available components has shifted the focus of the 
component integrator in software development from 'specify, design and implement' 
to 'select, evaluate and integrate'. The component integrators have to consider 
commercially available components when designing systems. Their responsibilities 
lie more with evaluating the existing components rather than developing new 
components. They have to select and evaluate products based on technical factors 
(functional capabilities, behaviour and non-functional attributes or constraints) and 
commercial considerations (such as cost, availability and supplier reputation) [41]. 
Additionally they have to ensure that components can be adapted or reconfigured to 
achieve interoperability. 
Integrated System Users 
Clear and Precise Requirements Specifications 
The integrated system users have to define their requirements clearly. They have to 
specify their requirements in a way that enables the integrators to be able to identify 
and undertake the trade-offs necessary in selecting suitable components [41]. 
2.3.5.2 Process Issues 
From the process perspective, there are common impacts amongst all of the three 
groups. Researchers have pointed out that the development of CBSE divided the 
previous task of system development into component development and component 
integration processes [51]. 
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Common Impact 
Common Industry Standards 
Industry wide, a common standard for component development has emerged. This 
provides a good foundation and gives the integrated system users confidence to 
design their architecture based on components. Standards have provided a source of 
stability in the industry [42], without which, any changes can impose unanticipated 
and unpredictable consequences. 
Clearly Deffned Requirements and Architecture 
The implementation of the component-concept requires a pre-defined 
implementation architecture for components so that they can interoperate with other 
components or other frameworks. The interactions between the components had to 
be clearly defined. These requirements had to be structured and defined. During 
traditional developments, system integration used to be at the end of implementation 
phase but it has now become the centre of the development under CBA. System 
integration has to be plarmed early and continually managed throughout the 
development process [42]. 
Testing Practices 
As noted by Sparling [48], the strategy for testing a component-based system is 
different from traditional testing methods. Theoretically, components could be tested 
individually, but in practice, they are tested based on applications. 
Components Providers 
Clearly Deffned Interfaces 
Components providers have to define the interfaces of the components such that they 
could be reused, adapted or replaced easily, i.e. plug and play functionality. 
Components Integrators 
Parallel Development 
Due to the clearly defined structure and the encapsulation of a component, 
integrators are able to achieve parallel development. Since certain parts of the 
system could be acquired from the component providers, the component integrators 
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are able to develop systems in parallel, significantly compressing timescales. Within 
the organisation, sub-groups of the developing group can develop the required 
components based on the specifications and deliver a complete, tested and robust 
component, ready for integration. 
2.3.5.3 Business Issues 
The business issues do not relate particularly to anyone of the three groups. They are 
general observations of the industry rather than specific issues for individual groups. 
Emergence of Component Brokers 
The development of the CBA has provided new business opportunities in the market. 
The separation of component development and component integration provides an 
opportunity for the creation of a new component broker role in the market. The 
component brokers sell and distribute software components. They are the mediator 
between the component providers and component integrator [51]. Their services may 
include helping the integrators to find and acquire software components. 
Component Certification Services 
There is also the emergence of components certification services [39]. Some 
companies are providing certification tests for components to ensure that the 
components conform to certain standards, provide particular qualities of service or 
exhibit certain quality attributes. 
2.3.5.4 People Issues 
The common issue among the component providers and the component integrators is 
that of skill requirements. 
Component Providers 
Designing Reusable Products 
The designers of the components have to focus on designing reusable systems that 
can be easily and safely integrated with other components. 
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Component Integrators 
Evaluating skills and Management Skills 
As mentioned earlier, the responsibilities of component integrators is more on 
evaluating existing components rather than developing new components. They have 
to compare the existing components to make the necessary trade-offs between cost, 
component availability, component functionality, quality and integrated system 
requirements. This requires the integrators to have not only technical skills, but also 
greater management abilities. 
From the above discussion, it can be deduced that the impact of CBA within the 
alternative industrial domain could be summarised as i) new working practices, ii) 
changes in work culture, iii) new skills requirements and iv) emergence of new industry 
standards [52]. It is vital that the managers and stakeholders within the new domains 
have an appreciation of the level of the impact on their current working practice so that 
they can evaluate the "paint of change" for their enterprises. Evaluation and detailed 
understanding is particularly important within the automotive domain due to the 
conservative approaches to changes in system design and implementations, and 
stringent time and cost constraints. 
2.4 Evaluation 
Evaluation is ''the systematic collection of information about the activities, 
characteristics, and outcomes of programmes, personnel, and products in order for 
interested persons' to make judgments about specific aspects of what those programmes, 
personnel or products are doing and affecting" [53]. The process is usually carried out 
through a combination of observation, judgment and analysis. Evaluation means 
different things to different people and takes place in different contexts [54]. The 
essence of evaluation very much depends on the purpose, the people involved and how 
it is being used [54-57]. In an evaluation, the object being evaluated is termed as the 
evaluand [58]. 
In general, evaluation involves the four W s and one H: why, what, who, when and 
how. The 'why' questions aims at asking why an evaluation is required, i.e, the 
purpose of evaluation. The 'what' attempts to answer what would be evaluated and 
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'who' directs the question at who are involved in the exercise (who is/are to be studied, 
who's opinion should be sought). 'When' refers to the timescale of the evaluation i.e. is 
the evaluation to be carried out before the actual implementation, half way through the 
implementation or at the end of the implementation. The 'how' is the important aspect 
of evaluation, how is the evaluation going to be conducted. These five terms outline the 
strategy to be adopted in any evaluation. 
The key components within an evaluation process are illustrated in Figure 2.6. Key 
issues involved are: i) Planning, ii) Uses (of the evaluation), iii) Evaluation Design, iv) 
Stakeholders Involvement, v) Data Collection and vi) Analysis and Report. Each of 
these components is described in the following sections. 
I perspectives are considered I 
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Figure 2.6 The major components within an evaluation 
2.4.1 Planning the Evaluation 
The planning of evaluation exercise is structured around identitying the purpose of the 
evaluation. There are many reasons for having an evaluation. Rossi et. al [59] stated 
that the purposes are determined by asking the questions of: who wants the evaluation, 
what do they want and why do they want it. They further established the four most 
common reasons for having an evaluation [59]: 
i) Improvement 
ii) Accountability 
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iii) Knowledge generation 
iv) Political ruses or public relations 
The questions that are usually asked at this stage of the evaluation are: 'why', 'what' 
and 'who', i.e. "why" is an evaluation necessary, 'who' wants to know 'what' from the 
evaluation and what is the result going to be used for. 
Improvement 
The intention of the evaluation may be to help improve the evaluand. In such cases, the 
emphasis on the evaluation is timeliness, completeness and ensuring that the results are 
immediately useful. Therefore, it is not uncommon to find that the evaluator will 
provide regular feedback to the organisation or people who commissioned the 
evaluation. 
Accountability 
Evaluations are conducted to judge the merit or worth of an evaluand, assessing if the 
evaluand has achieved its objectives and its performance requirements. This is 
particularly applicable to a programme, such as social programmes and research 
programmes. Very often, the findings of these evaluation are intended for the decision 
and policy makers, and may influence the programme continuation, allocation of 
resources, restructuring or legal action [60]. As such, evaluation conducted requires 
sufficient credibility to provide a basis for action and criticism. 
Knowledge Generation 
Evaluation could also be intended to generate knowledge about the evaluand. The 
evaluation findings may not be used for any decision makings but just to understand the 
effect of intervention to the evaluand. The findings contribute by increasing knowledge 
[61] and are disseminated publicly, such as through academic journals, conferences and 
other professional outlets. This knowledge could be used by others to design and shape 
other programmes or work processes. 
Page 32 
Chapter 2 Literature Review 
Political Ruses or Public Relations 
Rossi et. al. [59] pointed out that certain evaluations are conducted not for performance 
assessment but purely for publicity. effects, such as to impress funding organisations or 
political decision-makers. Under such circumstances, it is important to clarify the 
nature of the evaluation, identify appropriate and realistic expectations and direct the 
effort toward appropriate uses [53, 62]. 
2.4.2 Uses of Evaluation 
The use of evaluation findings is very much related to the purpose of evaluation. It is 
therefore common to find that the fmdings are used for decision making, identifying 
areas for improvement and knowledge generation (see section 2.4.1). 
Patton [61] has introduced the notion of "process use" to the uses of evaluation 
findings. Process use refers to the learning of the individual through their engagement 
in the evaluation process, which eventually leads to changes in thinking, behaviour and 
changes to the programme. That is to say, on top of the evaluation results, individuals 
involved in the evaluation process learn something new about themselves or about the 
programme, which they might not have been able to without the evaluation. Such 
leaming could be for the evaluator, individual involved in the programme being 
evaluated or the organisation involved in the programme. 
2.4.3 Evaluation Design 
The evaluation design is a logical model that is used to gather evidence on results that 
can be attributed to the evaluand [63]. The common types of evaluation design are: 
surveys, case studies and experiments. A differentiation has to be made between 
evaluation design and data collection methods. Evaluation design is about the 
methodology for the evaluation and many different methods of data collection could be 
used within the methodology. 
Experimental Design 
Experiments isolate individual factors and observe their effect in detail. The purpose of 
experiments is to discover new relationships or properties associated with the subjects . 
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being studied or to verifY existing theories [64]. The factors under study are called the 
variables. Variables which are the input parameters and manipulated by the 
experimenter are called the independent variables; variables that are the outcome, effect 
or output of the input variables are called the dependent variables [65]. A change in the 
independent variables affects the dependent variables but changes in dependent 
variables does not affect the independent variables. Experiments involved the 
manipulation of circumstances, the identification of causal factors and observation and 
measurement [66]. Groups are usually set up for comparison, one experimental group 
which is subjected to the stimuli under investigation and a comparison group which 
receives no stimuli. The groups are selected through random assignment. The outcomes 
and changes that occur are observed and measured in detail and precision. Hence, 
experiments identify causal relationships. Causality is shown by observing associations 
between the stirnuli and the dependent variable [67]. 
Experimental designs are often regarded as the most rigorous approach for evaluation 
design to establish a causal relationship between an evaluand and the evaluation results 
[63,68]. This is based on the fact that if two groups of experimental units, for example 
two groups of people are "equivalent" to each other (i.e. similar people, live in similar 
context, having same backgrounds), one group is given treatment and the other is not, 
then if differences are observed between the two groups, it is logical that the differences 
has to be due to the treatment one group received and the other did not. Because the 
groups are randomly selected and assigned from a common group of people, bias in 
selection is reduced. 
Experiments can be conducted in laboratory or in the real world. Laboratory 
experiments are set up to implement specific measures in a controlled setting. Such 
evaluations will be designed to collect objective measurements (such as time to 
complete a task), gather information on responses and errors. The evaluator will have to 
specify the questions to be answered and designed the task for the experiments. The 
method of data analysis is often statistical analysis [69]. The advantage of controlled 
experiments is that objective measurements can be obtained. The evaluators can 
observe the test participants during the test and gain valid feedback. The disadvantages 
of these experiments are that they are time-consuming and relatively expensive to 
conduct. 
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Experiments carried outside a laboratory setting are termed as real world experiments 
and example of these are field experiments. In such experiments, the researchers are 
unable to manipulate and dictate the circumstances; some of the variables are not within 
the control of the researchers. 
Quasi experiments are a type of experimental design in which there is no random 
assignment of groups, rather the groups are selected based on similarity. Quasi 
experiments are considered "inferior" to "standard" experiments because without 
random assignment, one can never be sure that the groups are equivalent [68]. 
In non-experimental design there is no treatment group or comparison group. Because 
no treatment group is set up, these experiments cannot predict the causal relationships 
[70]. These experiments study the phenomenon and no attempt is made to change the 
subject of the research [71]. 
Tests (in contrast to experiments) are commonly used, such as e.g. driving tests, eye 
tests, aptitude tests, and abilities test. The processes behind tests are similar: questions 
are set and answers are given; tasks are requested and actions followed. Tests share 
some similarities with experiments [64]. Firstly, tests have a uniform procedure, giving 
the same questions or tasks to all people. They are administered within a controlled 
environment. Secondly, tests measure a specific trait and often require observation and 
measurements. Tests involved classifying, categorising and enumerating specific traits 
(such as people's skill or knowledge), with the aim of measuring such traits in terms of 
numbers (e.g. 5 out of 10) or categories (e.g. useful or not useful). Thirdly, comparison 
is generally made with respect to ''universal''. For example, so called "standardised" 
tests have been thoroughly assessed with respect to a representative sample of the 
appropriate population. These tests have established their reliability and could be used 
as objective benchmarks for comparison [64]. 
Survey Design 
Surveys are studies where a sample of a larger population is selected in order to draw 
inferences about that population because the resources are not available to study every 
member of the population [72], i.e. sampling. Each survey pertains to a given point in 
time and aims to incorporate as wide and as inclusive a data set as possible. Very often, 
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surveys relate to the present state of affairs and attempt to provide a snapshot of how 
things are at the specific time when the data are collected [73]. 
Generally, standardised information is collected from the sampling population by 
asking the respondents a same set of questions. There is no attempt to manipulate 
variables or control conditions. Surveys are used when the interest is to seek opinions, 
study attitudes and values, explore aspects of a situation or to seek explanation. This 
helps to provide a quantitative picture of the individuals [69]. Surveys are a way of 
collecting primary and quantitative datal. They are a correlational method and thus do 
not establish a causal relationship [74]. For example, it might be found that people who 
eat breakfast are less likely to become obese, but it cannot be said that breakfast does 
not cause obesity. 
Surveys can be carried out over a short period of time or over a long period i.e. 
longitudinal research in which the same set of people, issue or situation is studied over 
a period of time. They can be conducted using different methods: postal questionnaire, 
face-to face interviews, telephone interviews, documents and through observations [66]. 
The advantages of surveys are that empirical data collected, i.e. the data are based on 
the respondent's own experience rather than on theory and the data are collected 
directly from the respondents [64]. Surveys often have a wide and inclusive coverage 
and are more likely to produce data that can be generalised to be representative of the 
whole population. Surveys are also able to generate a large amount of data in a short 
time at a fairly low cost. 
One of the disadvantages of surveys is that the data are affected by the characteristics of 
the respondents who could not necessarily be truthful in their responses. Accuracy of 
the responses cannot be checked in surveys although consistency can be monitored by 
appropriate structuring ofthe questions [75]. 
3 Primary and quantitative data will be explained later in Section 2.4.5 
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Case Studies Design 
Case studies focus on one or few instances of a particular phenomenon with a view to 
providing an in-depth account of events, relationships, experiences or processes 
. occurring in that particular instance [64]. Often in case studies, one or a few examples 
are selected from a wider range of examples, so as to study the example in greater 
detail. The selected case (or cases) is not a sample, it is studied in its context. The result 
from the case could be used for analytical generalisation but not expandable to the 
populations at large [76]. 
In case studies, a variety of sources, data and methods could be used as part of the 
investigation. They are empirical in the sense that they rely on the collection of 
evidence about what is going on. The detailed information enables the establishment of 
a causal relationship or processes [77] within each case. 
The major advantage of adopting case studies as a strategy is that the focus on one or a 
few examples allows the researcher to study the processes and the relationships in 
detail. The use of multi-methods and multi-sources of data facilitates validation of data 
through cross-referencing. It is particularly useful if the researcher has no control over 
events since the approach is concerned with investigating phenomena as they naturally 
occur [78]. 
2.4.3.1 Selecting an Evaluation Design 
Within any evaluation exercise, several evaluation designs could be used to obtain 
different results. For example, in trying to understand a lunch service provided to the 
elderly within a community, an evaluator may use the survey technique to obtain the 
profile of the beneficiaries and to seek their opinions on the programme. However, if 
the evaluator would like to conduct an in-depth study of an elderly who benefited from 
the programme, then case studies could be used. To compare the effect of the 
programme with those who received the service and the effect of not receiving the 
service, an experiment could be designed to study this effect. 
There are two major factors to consider when deciding which evaluation design 
approach to take, namely; i) the purpose of the evaluation and ii) type of questions that 
the evaluation seek to answer. Yin [76] has provided a guide to decide on which 
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approach to adopt based on (i) the type of questions to be asked i.e. "who", "what", 
"where", "how" and "why", (ii) would control over events be required and (iii) does the 
evaluation focus on contemporary events as opposed to historical events (Table 2.2). 
Approach Form of evaluation Requires control Focuses on 
questions over behavioural Contemporary 
events? events? 
Experiments How,whv Yes Yes 
Survey Who, what, where, No Yes 
how many, how 
much 
Case studies How,whv No Yes 
Table 2.2 Types of questions in relation to the evaluation approaches (Source: adapted from YiD 
1984 [42]) 
It is important to note that the "who", ''what'', ''why'' and "how" questions in this 
section are different from those listed in Section 2.4 which are related to evaluation in 
general. The three Ws under the context of evaluation design go a step further by 
relating these questions to the context of the evaluand. For example using the lunch 
service example again, the "what" questions would be what are the ways in which 
lunch is provided, what is provided for lunch, what are the criteria for selection. As 
described by Yin [76], the "what" has another dimension which refers to "how many" 
or "how much" such as how many people are involved in the programme, what is the 
amount spent on each participant. The "who" questions would be: for whom is the 
service targeted, who is delivering the service; and the ''why'': why should the lunch 
service be provided, why are some elderly not participating. 
Therefore, from the classification in Table 2.2, when the evaluation questions tend 
towards fmding how and why and the evaluator wants to have control over events and 
focuses on contemporary events, experimental design is preferred. Survey design is 
used when the evaluation questions tend towards identifying who, what, where, and 
finding out how many or how much. In addition surveys could be focused on 
contemporary events but do not required control over the events. Case studies are best 
suited in finding out the "how" and ''why'' in an evaluation. The evaluator does not 
require control over the events and the events are contemporary. 
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2.4.4 Stakeholders Involvement 
Stakeholders are the individuals, groups or organisations that have an interest in the 
subject under evaluation. For example, the people who provide the funding, i.e. the 
sponsors, for a certain programme, the people with decision making authority over the 
programme, the administrators and personnel running the programme and the intended 
beneficiaries or people affected by the programme. Identifying the stakeholders is a 
crucial part of the planning of an evaluation because the purpose of the evaluation is 
dependent on who wants the evaluation, what they want and why they want it (see 
section 2.4.1), and who are the ones affected by the programme [10, 60, 62, 79]. 
Stakeholders are the groups at risk and have a stake in the evaluand [51]. They ought to 
have the opportunity to make their claims, their concerns and raise questions, and to 
have their input in the evaluation. 
Different stakeholders have different levels of risk to bear and consequently must be 
able to feel that they have some defence against that level of risk. On the other hand, 
stakeholders are also the users of the infOlmation from the evaluation [62]. They will 
use the information to address their claims, concerns and issues. It is important that the 
evaluation takes into consideration their views and addresses the topic from their 
perspectives. 
The stakeholders have a good understanding of particular aspects of the evaluand and 
can provide the evaluator with the practical and factual knowledge to enable the 
evaluator to have a good understanding of the evaluand [80]. This will increase the 
validity of the fmdings. It has been found that for an evaluation to be successful and to 
achieve wide credibility it is important that it does not focus solely on one viewpoint, it 
has to take in the views of different stakeholders [10]. This will increase the chances of 
the evaluation findings to be accepted, recognised and used. 
2.4.5 Data Collection Methods 
Evaluation design is not the major determining factor for the data collection method. As 
mentioned earlier, different methods of data collection could be used within each 
evaluation design. It is the nature of the data required and the sources available that are 
the major influences in selecting the method to be adopted [63]. The data required, 
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nevertheless depends upon: i) the evaluation design, ii) the indicators that is required 
for capturing the results and iii) the type of analysis to be conducted. 
Data can be classified as either quantitative or qualitative [SI]. Examples of 
quantitative data are numerical observations, such as e.g. hours, distance, number of 
pages and lines. These data can be quantified in numerical terms. Qualitative data, on 
the other hand, are data that cannot be quantified in numerical terms (e.g. words or 
images, the product of a process of interpretation or the result of the way they ·are 
interpreted and used by researchers) [64]. 
Data can be further classified as subjective or objective. Subjective data rely on 
personal feelings, attitudes, experience and perceptions. Objective data are observations 
based on facts that in theory, involve no personal judgement. 
Data can also be classified by their source i.e. primary or secondary. Primary data are 
collected by the researcher directly at the source whilest secondary data have been 
collected and recorded by another person or organisations. 
The common data collection methods are questionnaires, interviews, observation and 
analysis of documents and are explained in more detail below. 
Questionnaires 
The questionnaire is a common data collection method that can be used to collect 
primary data and quantitative or qualitative data [S2]. Usually, a list of questions that 
the evaluation seeks to address is developed. The questions and responses can be either 
closed or open ended. Closed ended questions provide the respondents with fixed 
responses to choose from. For example, what do you think of the programme, very bad, 
bad, average, good or very good. The respondents may be asked to indicate their 
opinion (agree or disagree with a statement) or provide rating to a statement. Very 
often, closed ended questions tend towards providing quantitative data. The evaluator 
would be able to quantifY the number of people who share the same opinion. Open 
ended questions, on the other hand, require the respondents to express their personal 
feelings freely, such questions tend to provide qualitative data. Research has found that 
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open ended questions in a questionnaire could be used to substantiate the results from 
the close-ended questions [83]. 
Questionnaires often use codes to identity particular responses or types of responses. 
For example, the response to a question about the respondent's gender might be coded 
as '1' for male and '2' for female. Such numbering of the answers helps to organise, 
quantity and facilitate data analysis [84]. 
Questionnaires can be administrated face-to-face with the respondent or they can be 
posted to the sample population (i.e. self-administrated). They can be the easiest and 
least expensive method for obtaining measurement data, depending on the type of data 
to be collected. However, the questions have to be specific in order for the respondents 
to provide a valid opinion. In cases where self-administrated questionnaires are used 
frankness and honesty to the questions are encouraged because of anonymity [74]. 
Questionnaires are relatively easier to arrange than other methods, for example, a postal 
questionnaire can be used to reach out to a larger population than an interview. 
The downside of questionnaires is that the questions are structured and may shape the 
nature of the responses. Another disadvantage is that there is often a low response rate 
to questionnaires depending on the research topic, the sample group, the interviewer's 
appearance in a face-to-face interview and the social climate [64, 67, 74]. It is also 
difficult to check the truthfulness of answers in a questionnaire. 
Interviews 
Interviews involve discussion between a researcher and a person who provides data that 
are relevant to the research. Interviews can be highly structured with pre-designed 
questions or completely unstructured in which the interviewer just starts a topic and 
allows the interviewee to develop his or her idea and speaks freely without interruption. 
The interviews can be one-to-one or group interview in which the interview is 
conducted with several people at the same time; it can be face-to-face interviews, 
telephone interviews or written form [85]. 
Interviews are straightforward ways of finding out information. They are a way of 
collecting primary data and very often the data collected are qualitative. The data from 
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an interview will consist of direct quotations from people about their experiences, 
opinions, feelings and knowledge [86]. The results provide qualitative insight into the 
individual, personal experiences of the interviewee. Response rates are often not issues 
of concern since interviews are generally pre-arranged and scheduled. They also allow 
opportunities for probing and clarification, finding out why people response the way 
they did. 
Interviews are time-consuming since only one person or one group can be interviewed 
at one time effectively. If several people are interviewed at once, some people may go 
along with the group rather than give their true opinions. The data derived from 
interviews are generally open ended, making it difficult for analysis. In addition, the 
data collected are to an extent unique to the specific context and the specific individuals 
involved and this has an adverse effect on reliability of the data [64]. Interviews are 
also SUbjected to interviewer bias; the interviewer may influence the respondents by the 
way the questions are phrased and by verbally or non-verbally encouraging "correct" 
answers. 
Observation 
Observation (sometimes referred to as protocol analysis [87]) is an evaluation method 
in which the researcher observes the activities of the people being evaluated, their 
actions, behaviours, interpersonal interactions and organisational processes. However, 
the data collected is often being associated with an event or other occurrences rather 
than people [88]. 
There are two types of observation: naturalistic observation and participant observation. 
In the former, the evaluator adopts a detached attitude, observing the subject under 
study unobtrusively. In participant observation, the evaluator become part of the 
observed group, interacting actively with the respondents, i.e. fieldwork, collecting data 
in real life situations at first hand. Such fieldwork requires the researcher to be with the 
observed group for a period of time. The data collected from such observations are 
primary and qualitative, they have depth and detail; they must be descriptive so that 
reader can understand what occurred and how it occurred. The descriptions must be 
factual, accurate and thorough [83]. 
Page 42 
Chapter 2 Literature Review 
Though observations tend to be associated with qualitative data, they can also be used 
for collecting quantitative data. Such data tends to be from structured observations. In a 
structured observation, observation guidelines or a checklist is created to provide a 
guide for the observer to record the proceedings of the observation. These observations 
can be based on frequencies of events, duration of events, events at a given point in 
time (for example logging down what happens at an interval of every 25 seconds), or 
sample of people (for example, an individual is observed for a pre-determined period of 
time after which the observer will switch his attention to observe another person) [64]. 
Robson [69] has proposed that the major advantage of an observation is its directness. 
The researcher does not ask the people about their views, feelings or attitudes; rather, 
the researcher just watches what they do and listens to what they say. The method also 
provides a rich insight to the research topic. However, the disadvantages are: i) 
observation is time-consuming, ii) an observer might have an influence on the situation 
under observation and iii) observations are dependent on the researcher's skills and 
experience which is a source for doubting the reliability of the data and how 
representative the data are [77]. 
Analysis of Documents 
Analysing documents as an evaluation method essentially involves using various kinds 
of documents as the key source of data. The documents provide background 
information for the evaluation (i.e. literature research) and also a source of data. 
Documents may come in the form of written sources, visual sources and audio sources 
[89]. These could range from books, journals, newspapers, web pages, video footage, 
photographs, letters, memos, diaries, government publications and official statistics. 
The main concern is the accessibility of documents. 
The advantages of using documents as a source for evaluation is that there are vast 
amounts of permanent information held in documents. However, the downside is that 
documents are often secondary data that may have been produced for other purposes. 
Furthermore it is also for the researcher to evaluate the credibility of the source that 
produced the data. However documents are economical and often an easily accessible 
source of background information that can shed light on the real scope of the problem 
Page 43 
Chapter 2 Literature Review 
or help familiarize the researcher with the situation and the concepts that require further 
study [88]. 
2.4.6 Analysis and Reporting of Data 
The final stage of the evaluation process is the analysis and the reporting of the data. As 
stated above (section 2.4.5), the data are either quantitative or qualitative. As 
Denscombe [64] has observed, the most elementary distinction between quantitative 
and qualitative data is that the former are in numbers and the latter are in words. For 
quantitative data, depending on the size of the data, they could be either processed 
manually or by using analysis software (e.g. Statistical Package for the Social Sciences 
i.e. SPSS, Minitab). If the data are already in numbers, it will be ready for analysis. 
They might need to be grouped and presented in terms of graphs or charts. These data 
might be further subjected to statistical analysis, which will enable the evaluator to 
move beyond individual interpretation by using scientifically based tests. Statistical test 
are often used when: i) describing the frequencies of occurrences and their distribution, 
and ii) looking for connections between variables or categories in the data [64]. 
For qualitative data, the raw data has to be processed and organised before analysis can 
be undertaken. For example, taped interviews have to be transcribed, field notes or 
documents have to be organised or categorised. Patterns and processes, commonalities 
and differences [86] are the main things to look out for during the analysis. During the 
process, the evaluator might need to go through notes taken during data collection 
repeatedly to look for themes or interconnections. If necessary, the evaluator might 
have to revisit the field (such as confirming the findings with interviewee) to check the 
validity of the themes or interconnections. Finally, the evaluator should aim to refine a 
set of generalisations that explain the themes and relationships identified in the data 
[64,69]. 
Lastly, the analysis has to be written and produced as a formal record of the work. 
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2.5 Enterprise Modelling 
Modelling is an essential part of the evaluation process, especially when the 
stakeholders need to appreciate the effects of situations and / or new technology that is 
beyond their current experience. For manufacturing enterprises, static and dynamic 
"enterprise modelling" can provide vital input to the understanding and analysis of the 
issues that might be encountered. 
According to Vernadat [90], enterprise modelling is the set of activities or processes 
that can be used to develop the various parts of an enterprise model. Enterprise models 
are the abstraction of real life systems [91]. They are created to "assist an analyst 
extract requisite details of a system, in order to gain a better understanding of the 
complexity''[91]. This is because models attempt to simplity the system in order to 
reduce the complexity, bringing clarity and understanding to some aspects of the 
system where there is complexity, changes or assumptions. Therefore, a model always 
has a scope, purpose and perspectives (or foci of concern such as financial, information 
and functions views), which maybe explicit or implicit [44]. 
An enterprise model is a symbolic representation of the enterprise, containing 
individual facts, objects and relationships that occur within the enterprise [91] i.e. they 
are abstractions of how the enterprise conducts its business [92]. Enterprise modelling 
attempts to answer the question of the ''what, how, when and who" aspects of the 
enterprise [90]. They provide a structural representation and enable the analysis of the 
activities and their interactions [91]. 
Enterprise models help to represent and enhance understanding of how an enterprise 
works by using useful representations determined by the modelling constructs (i.e. the 
syntax and semantics of the modelling language, which could be graphical symbols, 
textual statements, or logic and mathematic expressions). With this knowledge, 
enterprise modelling can be used for [90]: 
i) capitalising acquired knowledge and know-how for later reuse, 
ii) rationalising and securing information flows, 
Hi) designing and specifying a part of enterprise, 
iv) analysing some aspects of enterprise, 
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v) simulating behaviour of parts of enterprise, 
vi) making better decisions about enterprise operations and organisation, and 
vii) controlling, coordinating or monitoring certain parts of the enterprise. 4 
Due to the complexity and size of an enterprise, an enterprise can be represented by a 
set of models. Each model covers a part or subset of the enterprise, representing some 
detailed aspects of the enterprise from a given perspective [90] such as, behaviour [93], 
function [94], human resource modelling [95]and information modelling [96]. The goal 
is not to represent the entire enterprise but to focus on a part of the company that needs 
to be represented as defined by the stakeholders. 
Enterprise models may be static or dynamic. According to Veryard [44], a static model 
is a snapshot of the enterprise or organization at a particular time, which may include its 
structure, boundaries with the environment, processes, strategic objectives, 
competitiveness, values, external influences and a SWOT (strengths, weaknesses, 
opportunities & threats) analysis. A dynamic model is one that represents the way these 
things change over time [97]. 
Enterprise modelling is often associated with enterprise engineering [98]. Enterprise 
engineering involves the engineering of an enterprise in a systematic way, identifying 
the need for changes in enterprises and the implementation of changes expediently and 
professionally [99]. In the highly competitive global economy, enterprises are subjected 
to constant challenges. Businesses need to renew themselves constantly. This process of 
renewal needs continuous and efficient design and redesign of the enterprise (i.e. 
engineering) so that it can keep up with the competition [100]. The ultimate aim of 
enterprise engineering is to enable an enterprise to achieve its business goals, i.e. be 
cost-effective and be competitive in its market environment [90]. This is achieved by 
improving the engineering of the communication infrastructure between enterprise 
elements involved in the enterprise operation (such as people, machines) and their 
coordination and cooperation [98]. This requires the identification of the relevant 
information to support the engineering activities. 
4 Item (i), (ii), (iv), (v) and (vi) have been used in the research work reported in this thesis. A detailed 
description will be given in Chapter 6. 
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In recent years, business process re-engineering (BPR) has gained much interest [101]. 
BPR focuses on the review and redesign of the core processes of an enterprise. 
Enterprise engineering, on the other hand, is the review and redesign of the entire 
organisation, in which BPR is one of the aspects. The role enterprise modelling plays in 
enterprise engineering is to capture the business processes of the enterprise, enabling a 
thorough understanding, engineering and control of the business [102]. This enables the 
capturing and presentation of the relevant information required for redesigning an 
effective and efficient enterprise. 
2.5.1 Process Modelling 
Process modelling has been extensively studied in software engineering [103]. In 
software development, process modelling is a description of the activities involved in 
the software development and maintenance life cycle. This implies that a process model 
is a representation of the activities. Vemadat [90] adapted the idea of process modelling 
to enterprise modelling. This is referred to as process-based modelling, in which the 
process refers to business process. 
Business process models describe both the functionalities and the operational behaviour 
(dynamics) of the enterprise and identify all the required and generated information 
[98]. They are representations of the processes, capturing the relationships with the 
internal and external environments. 
By using modelling techniques, it is possible to represent the business processes 
through which work is implemented and accomplished. Each process has a supplier 
providing the inputs and a customer to receive the outputs. The information that is 
being offered from a process model are: what is being done, who does it, how it is done, 
who or what is dependent on its being [103]. Graphical representations of processes are 
considered to be easily understood and comparable with each other [104]. 
Process models can be used to support decision making at any level of the enterprise 
organisation for strategic, tactical or operational planning [104, 105]. They also 
promote a common understanding about the content of the operational processes 
amongst the stakeholders [98]. Process models prove to be useful when it comes to 
supporting exception handling [98]. The models can be used to simulate proposed 
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corrective process changes and to evaluate their impact on the process itself as well as 
on the overall operation. 
2.5.2 Dynamic Modelling 
The concept of dynamic modelling is best explained by contrasting with static 
modelling. Static models capture a snapshot of something, for example a system at a 
particular point in time [106]. The model does not change as time evolves. Dynamic 
modelling, on the other hand, attempts to express and model the behaviour and 
interactions of the system over time, providing a view of the evolution or the system 
[97, 106]. By this definition, dynamic modelling can also be referred to as simulation 
[106]. The dynamic modelling of business processes is also referred to as business 
process simulation which captures the dynamic behaviour ofa process [107]. 
As mentioned earlier, an enterprise model can be static or dynamic; dynamic enterprise 
models are inherently more complex than the static models because they attempt to 
show changes over time. They are able to provide more information, such as providing 
''what if' analysis. This does not discredit the function of a static model. A static 
enterprise model, for example, provides a graphical description of the enterprise, 
capturing the functionality and relationships among the processes and resources, for the 
purpose of communicating and understanding by the stakeholders. A dynamic model 
would be able to provide information on changes. Additionally they can be used to 
support exception handling [98] and decision making. Alternative solutions could be 
simulated through dynamic modelling and the impact of changes to the various aspects 
of the process could be evaluated before any changes are implemented. 
2.5.3 Enterprise Reference Model 
The modelling of enterprises is facilitated by the adoption of a reference architecture 
and a method, so as to i) manage the inherent complexity and dynamic nature of an 
enterprise, ii) make sure that an desired model could be obtained, iii) obtain a valid 
representation of the reality, and iv) ensure a formal structured representation of events, 
processes and resources is adopted [90, 108]. The following sections will briefly 
discuss the "state-of the art" for reference architectures for enterprise modelling and the 
associated modelling approaches. In general, the different reference architectures cover 
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the major aspects of a system that need to be addressed although each approach 
emphasises different aspects of the system. The main focus in what follows is on the 
CIMOSA reference architecture since (i) this has been used as the basis for the 
enterprise modelling and evaluation used in this thesis and (H) there is extensive 
previous experience of its constructs and usage in the author's research group (i.e. MSI 
Research Institute). 
CIMOSA 
The Computer Integrated Manufacturing - Open System Architecture (CIMOSA) was 
developed by the AMICE Consortium during a series of ESPRIT Projects[109]. 
CIMOSA aims to help companies manage changes and integrate their facilities and 
operations to enable competition on price, quality and delivery time. CIMOSA 
introduced an event driven, process-based approach to integrated enterprise modelling, 
ignoring organisational boundaries as opposed to function or activity-based approaches. 
CIMOSA adopts the idea of open system architectures for CIM, such that an enterprise 
is comprised of vendor-independent, standardised CIM models, described in terms of 
their function, information, resource and organisational aspects. The models are 
designed according to a structured engineering approach that can be plugged into a 
consistent, modular and evolutionary architecture for operational use [90]. CIMOSA is 
founded on a modelling framework that is based on a reference architecture from 
which a particular architecture can be developed for specific application domains. The 
framework is usually represented as a three dimensional cube, offering the ability to 
model from orthogonal aspects and views ofan enterprise [109], namely: 
• a genericity dimension concerned with the degree of particularisation. 
Genericity ranges from generic building blocks to a particular model. 
• a modelling dimension which provides the modelling Iifecycle support from 
initial system specification and requirements defmition to a description of 
system implementation. 
• a view dimension concerned with system behaviour and functionality which 
enables the development of sub-models representing different aspects of the 
enterprise such as function, information, resource and organisation. 
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Figure 2.7 shows the conceptual modelling framework of CIMOSA. The CIMOSA 
architecture (i.e. reference and particular architecture in the diagram) and its modelling 
approach ( i.e. view and modelling dimensions) will be discussed in greater detail in 
Chapter 6 of this thesis. 
View Dimension 
Modelling 
Dimension 
Reference 
Architecture 
Particular 
Architecture 
Figure 2.7 CIMSOA modelling framework (adapted from AMICE 1993 [(09)) 
ARIS 
The ARchitecture for integrated Information Systems (ARlS) deals with business-
oriented aspects of enterprises (such as order processing, production planning and 
control, inventory control), focusing on software engineering and organisational aspects 
of integrated enterprise system design [90]. ARIS's structure is similar to CIMOSA, 
having four views and three modelling levels. The four views cover function, data, 
organisation and control. The three modelling levels are the same as those ofCIMOSA: 
generic, partial and particular. 
The function view defines a hierarchy of functions in terms of structograms, program 
modules and program flow from conceptual and technical models through to 
implementation. The data view defines the semantic entity-relationship diagrams (i.e. 
conceptual) and enables the translation into relational schemata (i.e. technical) prior to 
embodiment within physical database system (i.e. implementation). The organisation 
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view defines the enterprise structure by the use of a standard organisation chart (i.e. 
conceptual), the network topology (i.e. technical) and the physical network (i.e. 
implementation). The control view presents the business processes and their 
implementation as logical sequences of program execution with relevant computer 
screens and distribution of data over the enterprise network. A graphical representation 
of the architecture of ARIS is given in Figure 2.8. 
Organisation 
Semantic data model 
Relational schema 
Physical database 
schema 
Data 
Organisation 
chart 
Conceptual model 
Network. topology 
Physical network Implementation 
Process chain model. 
Data flow model, 
event control 
Topology of 
distributed systems, 
trigger 
Database transactions 
network control 
Interaction management 
Control 
Technical model, 
Functional model 
Module desIgn, 
Mlnl-specs 
Program flow 
Functions 
Physical model 
Conceptual model 
Technical model 
Implementation 
Figure 2.8 The ARIS architecture (adapted from Williams and Rathwell [110) 
GRAIIGIM 
The Graphs with Results and Activities Interrelated / GRAI Integrated Methodology 
was developed at the University of Bordeaux in France [Ill]. It is a methodology for 
conceptual design and analysis of manufacturing systems. The scope of GRAI-GIM 
covers the conceptual, organisational and physical aspects of a system. The conceptual 
model was borrowed from general systems theory and systems organisation theory [90). 
Figure 2.9 shows a graphical representation of this conceptual model. GRAII GIM 
identifies four sub-systems within an enterprise: physical system, information system, 
decision-making system and an operating system. Each of the sub-systems can be 
decomposed into more detailed physical, information and decision-making systems. It 
follows that in GRAI-GIM an enterprise can be described from four views: information, 
decision-making, physical and functional. The methodology is based on three 
abstraction levels: conceptual, structural and realisation. In addition, GRAI-GIM 
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employs a user-oriented method and a technically-oriented method. The user-oriented 
method is used to express user requirements specifications in terms of function, 
information, decision-making and physical systems. The technology-oriented method 
defines requirements in terms of organisation, information technology and 
manufacturing technology [112]. 
Raw materials 
and parts 
11 '---------"' Product ,; Information filtering and conilining 
Figure 2.9 The GRAI conceptual model (Source: lAST, [113]) 
PERA 
The Purdue Enterprise Reference Architecture (PERA) is characterised by its layering 
structure [90]. It has been created to cover the full enterprise life-cycle from conception 
and mission definition down to the operational level and final plant obsolescence (see 
Figure 2.1O). Each layer defines a task phase and each task phase is described by a 
technical document containing a set of procedures which will lead a user's application 
group through all the phases of an enterprise integration program [114]. PERA is not a 
modelling method and as such does not provide its own modelling language. Other 
modelling tools and techniques can be used to support its enterprise modelling 
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concepts. PERA identifies three main classes of entities of an enterprise, information, 
human and manufacturing equipment. In contrast to the alternative reference 
architectures, PERA places particular emphasis on the human aspects within the 
organisation [113]. 
Identification ofthe - r 
elMS Business Entity 
Concept Layer 
(Mission. Vision & Values) 
Definltlon Layer - - - r 
(Functional Requirements) - - - r 
- -
- r 
Specification Layer I I (Functional Design) 
Detailed Design Layer I I 
Manifestation I I Layer 
Operation Layer I I 
Figure 2.10 PERA skeleton (adapted from Vernadat 1996, [90]) 
GERAM 
The Generic Enterprise Reference Architecture (GERAM) has been developed to serve 
as a reference for the whole enterprise integration community. GERAM builds on the 
results from CIMOSA, GIM and PERA and as such can be considered as a 
generalisation of existing architectures and other necessary elements [90]. The 
architecture attempts to provide and / or promote: i) definitions of terminology, ii) a 
consistent modelling environment, iii) a detailed methodology, iv) good engineering 
practice for building reusable, tested and standard models, and v) a unitying perspective 
for products, processes, management, enterprise development and strategic 
management [115]. GERAM defines a tool-kit of concepts for designing and 
maintaining enterprises for their entire life-cycle [lOO]. It has nine major components: 
i) Generic Enterprise Reference Architecture (GERA), ii) Enterprise Engineering 
Methodology (EEM), iii) Enterprise Modelling Languages (EML), iv) Enterprise 
Engineering Tools (EET), v) Enterprise Models (EMs), vi) Enterprise Modules 
(EMOs), vii) Generic Enterprise Modelling Concepts (GEMC), viii) Partial Enterprise 
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Models (PEM) and xv) Enterprise Operational Systems (EOS). The major components 
of GERAM and their relationship are summ~sed in Figure 2.11. Although GERAM 
would appear to be the most complete reference architecture and hence the one to be 
adopted in any application it is the complexity associated with this all-encompassing 
approach that has limited its exploitation. 
Figure 2.11 Tbe framework and the major components of GERAM (adapted from GERAM 1999, 
[1151 ) 
2.5.4 Modelling Methods 
Reference architectures ensure that relevant areas of concern are addressed when an 
enterprise modelling activity is undertaken. In some respects they can be considered as 
"route maps" that ensure the consistency of the modelling approach adopted. Within 
these route maps an appropriate enterprise modelling method needs to be selected to 
enable the definition and implementation of enterprise models. There are a number of 
competing methods available e.g. IDEF, SADT, CIMOSA and IBM, which are 
described below. 
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IDEF Suite of Modelling Method 
The IDEF modelling approach is based around a suite of modelling methods [91]. Each 
of the methods in the suite provides a set of modellmg syntax and steps for describing a 
particular perspective of an enterprise. The suite provides for functional modelling 
(IDEFO), infonnation modelling (IDEF1), data modelling (IDEFlx), system dynamics 
modelling (IDEF2), process description capture (IDEF3),. object-oriented design 
(IDEF4), and ontology capture (IDEF5). IDEF3 and IDEF5 are descriptive, while the 
rest can be used to build a model [110]. 
The advantages of the IDEF method are that it is simple and easy to understand and it is 
supported by a number of commercially available computer-based tools [90]. The 
disadvantages of IDEF are that it results in: i) static (not computer processable) models 
of systems, ii) ill-defined system behaviour, iii) models that cannot be integrated and 
iv) the same concepts needing to be repeated in different models. These disadvantages 
give rise to poor consistency checking capability. It is limited for the purpose of 
detailed process design and validation at the engineering level [90]. 
SADT 
SADT (Structured Analysis and Design Teclmique) is a teclmique for system planning, 
requirements analysis and system design [116]. SADT makes use of two types of 
models: activity models and data models (referred to as the actigram and datagram 
respectively). A SADT activity model describes the decomposition of activities. The 
. SADT data model describes the decomposition of data. Each SADT diagram is 
composed of boxes (representing activities) and connected by arrows (representing 
flows of materials, data or infonnation). The functional decomposition principle in 
SADT and the graphical notation of SADT is shown in Figure 2.12. Although there are 
advantages in adopting the SADT (e.g. a modular structured functional decomposition, 
simple graphical representations) the issues associated with dynamic modelling (i.e. 
problems in specifying discrete event dynamic systems because of an inability to handle 
resource and control flows and a lack of semantic explanation) limit its applicability for 
many enterprise modelling activities [90, 105]. 
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Figure 2.12 Functional decomposition principle of SADT is shown here on the left, and on the right 
is the graphical notation of SADT (Source: Vernadat 1996, (90)). 
CIMOSA 
Within the CIMOSA reference architecture is the provision of a set of modelling 
structuring concepts and constructs that have been defined in terms of object classes 
and elements [117] (see Figure 2.13). CIMOSA employs the object-oriented concepts 
of inheritance to structure its constructs into a hierarchy of object classes covering the 
meta, object and elemental levels (see Figure 2.13). The object classes are organised 
into generic building blocks and building block types. The generic building blocks 
defme the set of basic primitives of the modelling language provided to the users. 
Building block types are specialisations of generic building blocks, i.e. more specific 
sub-classes of basic primitives (using the property inheritance principle as found in any 
object-oriented language) covering, for example, domains and business process events, 
enterprise activities, enterprise objects and object views, capability sets of resources 
and organisational cells / units. Elements are components of constructs having special 
structure (syntax and semantics) such as dedicated languages or composite properties 
(e.g. behavioural rules, functional operation, information, resource and organisation) 
[90]. 
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Figure 2.13. CIMOSA modelling constructs (adapted from CIMOSA [1171) 
IEM Approach 
The IBM (Integrated Enterprise Modelling) approach uses an object-oriented approach 
to enterprise modelling [11 8]. It is based on SADTIIDEFO, using the activity box 
concept. IBM is based on three classes: product, resource and order. Enterprise data and 
business processes are assigned to objects of these classes during modelling [110]. An 
IBM model has two main views a function view and an information view as shown in 
Figure 2.14. A functional model (i.e. a business process model) is derived from the 
I 
function view. It indicates the functions to be executed within the processes, the 
relationships between the objects and how the functions are decomposed. Tasks on 
objects and business processes belong to functions. The information view structures 
enterprise information objects covering products, orders and resources into classes and 
attributes to enable identification, structure, relationships with other objects, lifecyc1e 
and functionality issues to be addressed. 
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Figure 2.14 IEM views of an enterprise model (Source: Vernadat 1996, [90)) 
2.6 Summary 
Four domains that are relevant to the research described in this thesis (illustrated 
graphically in Figure 2.15) have been reviewed in this Chapter. These domains are: i) 
the requirements of the automotive industry, ii) the Component Based Approach (CBA) 
targeted as a solution for the automotive industry, iii) evaluation methods and iv) 
enterprise modelling in terms of formal representation and dynamic modelling. 
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Figure 2.15 Summary of the Issues of concerns address in this thesis 
Developments in the automotive sector indicate that the vehicle manufacturers (VMs) 
are facing challenges from i) globalisation, ii) a shorter product development time, iii) 
demand for product variation and iv) cost pressures. These pressures are passed on to 
the VM's suppliers when building the machines for producing new engines. A closer 
examination of the process of machine design and build shows that the suppliers have 
overcome several problems. These problems arise mainly from a lack of effective ~d 
efficient tools to support product development. 
A set of manufacturing requirements (e.g. the need for reusable technology) for the 
process of machine design and build has been established based upon perceived 
opportunities for process enhancement and improvement. Arguably of greater 
importance is the additional requirement to understand the impact of new processes or 
technology on current operations. It is the author's belief that such an evaluation 
requires a formal way of representing systems including a reference architecture, a 
modelling method and a dynamic modelling capability. 
The experience of the software industry in the development of the CBA has proven its 
workability and associated advantages. The CBA has several characteristics, namely, 
encapsulation, interfaces, reuse and plug-and-play and these characteristics are the basis 
for the advantages offered by CBA, namely: i) improved productivity, ii) improved 
time to market, iii) reduced Iifecycle cost and risk mitigation, iv) assured quality and 
improve reliability, and v) adaptable and flexible infrastructure. There are several 
enablers or factors which have driven the success of CBA in software industry such as: 
i) availability of standard technology, ii) commercially available components, and iii) 
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the emergence of standards and best practices. The impact of CBA development has 
also been discussed from the product, process, business and people perspectives. From 
this review of the CBA development it has been demonstrated that the advantages 
offered by CBA are indeed the attributes sought after by the automotive manufacturing 
domain. It follows that the impact of the CBA in the software domain provides a good 
reference for the advantages that the development of the CBA in the automotive sector 
should provide. 
Evaluation is a common term and this thesis has attempted to provide background 
information on how an evaluation can be carried out effectively. The evaluation process 
involves four stages. The first stage, planning the evaluation, is to identify the purposes 
of evaluation. This is followed by a determination of the evaluation design, i.e. whether 
or not to carry out the evaluation as a form of experiments, case studies or surveys. The 
third stage is the collection of data and several common data collection methods have 
been discussed. The final stage of the evaluation is concerned with the analysis and 
presentation of the collected data. 
This chapter has also presented the background required (from a modelling perspective) 
to enable a fuller appreciation and understanding of the impact of the CBA in the 
automotive domain, particularly by senior business managers and engineers. The 
discussion has been focussed on the foundations of enterprise modelling in terms of 
reference architectures and modelling methods. Enterprise modelling is an attempt to 
provide a valid representation of the various aspects of an enterprise in order to promote 
a better understanding of the enterprise. Process modelling, as part of the enterprise 
modelling, is a representation of the activities within an enterprise, describing the 
functionalities and the behaviour of the enterprise. Through the use of dynamic 
modelling of enterprise business processes, it is possible to capture the dynamic 
behaviour of the enterprise. This enables the exploration of possible changes or 
alternative solutions for changes in the enterprise. 
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3.1 Introduction 
The definition and the fonnulisation of the research questions to be addressed in this 
thesis are presented in this Chapter. The discussion is focused around (i) an explanation 
of why the research topic deserves attention and (ii) an assessment of the research 
methods undertaken. The research approach that has been adopted within this thesis is 
also defined. 
3.2 Problem Definition 
In the literature review in Chapter 2, it has been shown that the automotive sector is 
facing increasing competition; every vehicle manufacturer or end user faces the 
challenge of globalisation and is constantly subjected to the pressure to reduce cost, 
time to market and provide increased product variation. This pressure has in turn been 
experienced by the suppliers to the vehicle manufacturers, in particular, the machine 
builders and the component suppliers. To shorten the time to market, end users are 
looking at ways to reduce the new product development time and consequently, a 
reduction in the time to develop the manufacturing machinery. The usual development 
time for production machinery for car engines is about 50 weeks, but the end users are 
demanding the machine builders to reduce this development time to 42 weeks and 
possibly even 40 weeks [119]. 
At the same time, the machine builders have noticed that market pressure has resulted 
in incomplete product conceptualisation and thus premature engine design and analysis 
on the end users' part. This has had a serious impact on the process of machine design 
and build (see Section 2.2.3). The machine builder faces several problems during the 
process (Chapter 2): 
i) paper based documentation requiring translation, 
ii) lack of common tool for data representation, 
iii) experienced based design and implementation, 
iv) changes throughout the lifecycle, 
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v) late verification of automation systems, 
vi) no simulation or visualisation tools available, 
vii) lack of remote diagnostics support, and 
viii) lack of support for reuse. 
Based on these problems, a set of next generation manufacturing requirements has been 
identified (see section 2.2.4). It has been proposed that the component based approach 
derived from the concepts developed in the software industry, supported by a suite of 
system development and visualisation tools, would be able to meet these requirements 
and solve the problems faced by the end users and the machine builders [32, 34, 71, 
120]. However, irrespective of the capabilities of the technology, its adoption is 
dependent on senior managers and engineers from collaborating companies fully 
appreciating its impact on their businesses from functional, organisational, resource and 
information perspectives throughout the complete lifecycle of the design and 
development projects. 
3.2.1 Research on Component Based Control Systems 
Research has identified the application of component-based approach for automation to 
improve automation flexibility [71, 121-126]. In particular, Harrison et. al [32, 34] and 
Lee [71] have described a CBA for control system development for manufacturing 
machinery as a possible solution to the automotive domain issues. A vital component to 
the research was the development of the business case for the CBA. The work was 
carried out within three contemporary projects funded by the United Kingdom's 
Engineering and Physical Sciences Research Council (EPSRC). The industrial 
collaborators in the projects included Ford Motor Company (i.e. end user), Johann. A. 
Krause Germany, Lamb Technicon UK, Cross Huller England (i.e. machine builders), 
Parker Hannifin and Bosch Rexroth (i.e. component suppliers). The collective aim of 
the three projects was to specify, develop, test and determine the business case for a 
new generation of "change capable" [34] engine assembly production systems. 
The objective of the first of these projects (COMPAG project (COMponent-based 
~aradigm for AGile automationi was to produce a practical and effective set of 
machine components that could be deployed in engine assembly production systems 
'The EPSRC grant reference numbers for the project is GRlM43586 
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(i.e. transfer lines and assembly lines) and replace the existing programmable logic 
controllers (PLC). An architecture for production systems was developed, in which the 
components were characterised by encapsulation, interfaces and plug-and-play 
functionalitl. This component technology enabled the associated behaviour of the 
components to be incorporated into machine design and build. 
The second project, COMPANION' (i.e. COmmon Model for PArtNers in 
AutomatillN), built upon the findings of the COMP AG project. This project developed 
a common model-based environment for the lifecycle engineering of manufacturing 
automotive engines. The COMPANION environment provided an integrated toolset8 
for the globally distributed engineering partners which allowed remote viewing and 
manipulation of the common model. The tools that were developed provided (i) 
component selection and configuration, (ii) machine process interlocking, (iii) 
visualisation of both the physical and logical machine systems, (iv) human machine 
interface (HMI) configuration, and (v) monitoring and simulation of the complete 
system behaviour. 
The third project, GEMM9 (Multimedia Environment for the Global Engineering of 
Manufacturing Machinery) project was focussed on the development of multimedia 
tools to enable an evaluation of increased interaction capability among the stakeholders. 
For the purpose of this work, the three projects will be commonly referred to as CCG. 
Besides the work performed at Loughborough University, industrial companies have 
also undertaken research into the adoption of CBA for control systems on 
manufacturing machinery. Siemens [127], one of the largest suppliers to the market, has 
introduced the Component Based Automation [19] concepts for industrial automation. 
Siemens proposed the encapsulation of their proprietary software contained in vendor-
specific control hardware, into "technological modules" [71]. Each of these modules 
comprises of mechanical, electrical/electronic and software constituents. An 
engineering tool known as iMap [127] has been developed to facilitate the 
implementation. A European consortium, the Interface for Distributed Automation 
'The definition ofa component will be given in Chapter 4 of this thesis 
, EPSRC Grant reference number GRlM53042 
8 The details ofthe integrated engineering tool and the common model will be given in Chapter 4. 
• EPSRC Grant reference number GRlM25025 
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(IDA) [128], has also embarked upon new research into distributed automation, in 
which the control logic is an integrated part of a mechanical object and the control 
system technology and programme could be treated like the mechanical parts and be 
reused. 
The major similarity between the CCG projects, Component Based Automation and 
IDA is that all parties acknowledge the growing demand for distributed control to 
improve agility, modularity and reduce laborious and error prone programming 
activities. However, the major focus of the two industrial players is on technology. No 
detailed analysis has been done on the business impact of changes, with the majority of 
the discussions focused on the technical advantages of the CBA. Under such 
circumstances, the end users and the machine builders have been "forced" to make 
decisions based on technology considerations alone. It is important that a more 
balanced view of CBA is attained and there is a need for a formal method to evaluate 
the effect of change and present the results in a readily understood format. 
3.2.2 Evaluating the effects of change 
It is acknowledged that the uptake of the new generation of CB control systems will not 
be immediate. Firstly, the CBA has to be technically practical and secondly, the 
business viability has to be justified. It has been shown that one of the most significant 
barriers in implementing research results is the development of commercial products 
which utilise the new paradigms [129]. The business of car manufacturing is high risk 
and investments are high, running into billions of dollars [2, 19]. It is no wonder that 
end users are often cautious about adopting unproven technology into expensive 
manufacturing systems that will have to be used and supported for typical lifetimes 
approaching ten years. Traditionally, the component suppliers have depended upon 
proprietary solutions for maintaining and increasing their market share. This would 
explain why they are hesitant to adopt new technology for which they do not own the 
intellectual property rights [129]. Moreover, in a multi-collaborator project such as 
automotive engine project, any changes in the process can have major impact on the 
other collaborators. This has already been illustrated in the automotive sector; when the 
end users took the lead to explore into international markets, the component suppliers 
soon followed and set up their own regional operation offices [21]. As the end users 
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decided to adopt a modular approach for their car manufacturing and concentrate on 
their core competencies, they relied on the suppliers to supply them with the necessary 
modules or systems (see Section 2.2). This illustrates that any changes have to be 
supported by all the collaborators because it will affect their enterprise operation 
strategy [21]. 
Research has shown that in adopting new technologies, enterprises do not consider only 
the technological implications [130, 131]. Business factors such as financial 
commitment [132] (for example hardware cost, software cost, support systems, training 
cost), operation benefits [133] (for example, flexibility, productivity, shorter 
development time, quicker response to customers) and strategic consideration [132] (for 
example, market leadership, competitive advantage) are some of the deciding factors 
when it comes to the justification of new technology. Human factors such as skills, 
experience, knowledge, work practice and training, though not key deciding factors in 
affecting enterprise decisions, are vital aspects which should deserve more attention 
[131]. Human resources management and deployment have crucial roles in shaping the 
competitiveness of an enterprise [115]. Having the knowledge of how their human 
resources will be affected by a technological change is thus important to an enterprise 
when planning the management and deployment of their human resources and the 
adoption of the new technology. 
The work reported in this thesis was part of the research carried out under the CCG 
projects and is focused on the business factors and human factors that are involved in 
the implementation of the CB control systems in the automotive sector. The research 
uses the CCG projects as case studies to evaluate the adoption of CBA for the control 
systems in production machinery. The focus of the evaluation is on assessing the 
current practice of the processes involved in machine design and build, and making 
comparisons with the new working practices and processes that would be necessary if 
CBA is to be adopted. As mentioned, any changes will affect the many collaborators in 
the engine producing project, therefore the research will look at the possible effects on 
the stakeholders, i.e. end user, machine builder and the component suppliers, with 
regards to their products, their work process, business and actual users of the system. 
However, the focus has been on the effect on the machine builders as they are the major 
player in the process of machine design and build. 
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3.3 Assessing the current method of evaluation 
The existing evaluation design and data collection methods described in Chapter 2 
provide a good background for the evaluation process / method undertaken in this work. 
At the initial phase of the research two data collection methods i.e. interviews and 
analysis of documents were utilised. The interviews were crucial in the initial 
understanding of the research requirements. They were conducted to elicit information 
from the stakeholders involved in the project. Through the interviews, large amounts of 
information were elicited. Documents were also obtained from the stakeholders for 
better understanding of their work practices. These methods provided the background 
understanding of the domain. However, to assess the impact of a CB changes on the 
production system design and build processes, there was a need for some form of 
experiments or tests to be conducted. From these experiments or testing, observations 
were made, looking into the changes in practices and work processes that would result 
from the adoption of the CBA. 
A review of the current evaluation methods has indicated that there is a lack of a 
simple, standard method to describe formally processes and enterprise interactions (see 
sections 2.4.3). From the data collected from the stakeholders, it was found that there 
were a lot of information and resources exchanged at different lifecycle stages of the 
project development. Documentation of these data in standard textual form or simple 
flowcharts (as commonly used by the automotive project coJlaborators) would not 
provide a sufficiently clear picture of the processes involved. Moreover, comparison of 
current practice and processes would be ineffective and complicated without a formal 
representation of the data [104]. 
Any evaluation method needs to support readily a study of the effect of change. This 
could possibly be done through surveys using questionnaires or interviews with the 
stakeholders to assess the change. However, the main problem with the classical 
evaluation approaches is that there were no "CB products and tools" available for the 
stakeholders to appreciate their use and assess the implications of adopting the 
approach. In addition, the paradigm has been shown (see Chapter 2) to require a radical 
change to working practices and system design and implementation. That could not 
have been appreciated by automotive stakeholders prior to its implementation. The 
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current data collection methods are good and workable when evaluating a programme 
or project that has already been carried out and they lack the ability when it comes to 
predicting or forecasting the effect. 
These requirements gave rise to the need for adopting a structured approach to enable 
the modelling and subsequent evaluation of the CB impact. Enterprise modelling 
techniques offer structured approaches for data presentation (see section 2.5). They 
allow a variety of data to be formalised, for example in graphical representations, 
enabling a formal description of engineering processes (i.e. both current and future) and 
the partners' interactions involved in the development. This enables the functional 
capabilities, information exchange, resource allocation, human resources and 
organisation aspects, which must be considered during the design and implementation 
of machine production systems, to be represented. Representations of the current 
processes (i.e. AS-IS) and future (i.e. TO-BE) processes can be constructed to allow 
comparison. The advantages of using enterprise modelling approaches are: i) they 
provide a suitable way to represent the data in a clear and easily understood format, ii) 
they allow comparisons to be made easily, iii) they show the interactions between the 
stakeholders, and iv) they are able to represent processes formally. For the automotive 
machine domain requirements, any enterprise model that is developed has to be 
process-based and this model must subsequently be the basis for dynamic modelling 
[134). Dynamic modelling would allow analysis of change to be undertaken. It would 
enable the implementation of CBA within the stakeholder enterprises to be modelled 
and analysed without the actual risk of being the first to adopt the technology within the 
domain. 
3.4 Research Objectives 
The research objectives of this work have been defined as the following: 
i) To propose a method to evaluate structurally the implementation of the CBA 
ii) To assess whether the CBA is beneficial to the automotive sector particularly in 
the domain of manufacturing machinery; 
iii) To identify the business issues that are associated with the CBA 
implementation, including benefits and issues of concern; 
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iv) To identify the human issues (including benefits and concerns) that are 
associated with the CBA implementation; 
With these definitions, the author would like to point out that, the term "automotive 
sector" as used in the rest of the thesis, will be limited to the scope of manufacturing 
machinery for engine production, not the whole industry. The technical aspects and 
details of implementing CBA under the CCG project are documented by the author's 
colleagues: Lee [71], Vera [135], Thomas [136] and Melior [137] and is not within the 
scope of this work. 
3.5 Research Design 
Based on the discussion in section 3.3, a research strategy and the methods to be used in 
this work is outlined in the following 10 and illustrated schematically in Figure 3.1: 
i) Review the implementation of the CBA in the software industry, which provides a 
relevant reference for the automotive industry; the topics of interest are the impact 
on business, human factors and industry wide implications (Chapter 2). 
ii) Use of the CCG projects as the case study for the research into the effect of 
implementing CBA on the control systems in manufacturing machinery in the 
automotive sector (Chapter 4). 
iii) Develop an evaluation strategy for the CBA, which involves the use of the current 
evaluation methods and the enterprise modelling methods (Chapter 4 and Chapter 
5). 
iv) Use of an enterprise modelling method to formalise the documentation of the 
processes in the machine engineering process. The models are designed to capture 
the activities, resources, information and interaction in the processes (Chapter 6). 
v) Use of a process-oriented modelling approach to represent and formalise the flow of 
activities and therefore develop the means of undertaking comparisons between the 
current situation and that enable by the adoption of the CBA (Chapter 6). 
JO Part of the research work has been reported in a conference paper, reference [52] 
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vi) Conduct testing to determine the changes involved in migrating from the current 
approach to CBA approach, with particular interest in changes to work practices, 
users' experience and work processes (Chapter 7). 
vii) Establish a framework for analysing the issues involved in the implementation of 
technology changes within enterprises based around four distinct viewpoints: 
product, process, business and people (Chapter 8). 
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The objectives and scope of the work presented in this thesis have been discussed and 
specified in this chapter. 
The major area of interest of this research is to find ways to evaluate the 
implementation of the CBA in the automotive sector and identifY the possible issues 
that are involved with the implementation focused on the business and the human 
issues. 
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4.1 Introduction 
Formulating an evaluation strategy and determining appropriate units and variables to 
be used for the purpose of analysis are vital in any enterprise analysis activity [138]. As 
explained in Chapter 3, this research uses the CCG projects as the case studies to 
evaluate the effects of adopting the CBA in the automotive sector. In the following 
sections the CCG case studies are presented in detail to provide a background 
understanding of the content and scope ofthe projects and facilitate the discussion and 
analysis. Based on the context of the case studies, an evaluation strategy, i.e. a plan to 
guide the overall evaluation exercise, is formulated and described. This strategy 
includes preparing, designing, implementing and analysing the evaluation. 
4.2 CCG: COMPAG, COMPANION and GEMM 
The basic units of analysis are the CCG projects undertaken by Loughborough 
University (see Chapter 3). The description of the CCG projects and the aims of the 
projects have already been outlined in Chapter 3. Within the projects, the basic 
concepts of the CBA were developed and an integrated engineering environment 
implemented to support the application development [136, 139]. Component based 
systems were implemented on two separate test machines located at the project 
collaborating partners' sites: one of them an assembly machine at 10hann A. Krause in 
Bremen, Germany, the other a standalone transfer machine at Lamb Technicon in 
Mildenhall, United Kingdom. The assembly machine consists of a pick-and-place robot 
and a conveyor belt. The stand-alone transfer machine consists of a transfer mechanism 
and a machining station. The control systems on these test machines were 
commissioned using the CCG's CBA, based on the specifications given by the machine 
builders. These two implementations have been chosen as case studies to cover the 
complete range of different implementation platforms within automotive engine 
production systems e.g. assembly machines and transfer machining systems. 
The areas or topics that need to be studied within the CCG case studies are: 
Page 70 
Chapter 4 Formulation of Evaluation Strategy 
i) the process of machine design and build; 
ii) the actors and their roles in the process of machine build and design; 
iii) the concerns and requirements of the component supplier, machine builder and 
end user in the process of machine design and build; 
iv) the changes in the process associated with the implementation of the CBA; 
v) the impact of these changes; 
vi) the usefulness of the tools developed in the CCG projects and 
vii) the effect of the capability to undertake remote diagnostics. 
The detailed content of the CCG case studies that are relevant to this work are 
presented in the following sections. The architecture of the CB approach proposed by 
the project, the tools that had been developed and also the perceived benefits by the 
implementation are also detailed to enable understanding of the detailed evaluation 
results presented in Chapter 8. 
4.2.1 CCG's Definition of Components 
Under the CBA approach, a typical definition / specification of a component is that it is 
a mechatronic device, i.e. a device that is represented by both hardware and software 
capability. The functions and "know-how" for operation is embedded into the physical 
device, making it an intelligent component, having the ability to decide ''what to do", 
"how to do" and ''when to do" a task [71). 
Components within the CCG projects have been designed to possess "plug-and-play" 
capability i.e. they can be integrated readily with other components and be used directly 
to compose the desired manufacturing automation system / systems [140). A 
component communicates through external interfaces which include terminals (ports), 
services and event notifications [120). 
4.2.2 Architecture 
Under the CCG's CBA, the architectural composition of a system (i.e. a transfer line or 
an assembly machine) consists of sub-systems, modules, components and elements, as 
shown in Figure 4.1. A complete machine is defined as a system whereas elements are 
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the most rudimentary units within the system. Elements describe the control behaviour, 
which is represented using state transition diagrams [7 1]. Examples of elements are the 
conditions for an actuator to move or for a sensor to change its state (e.g. a part present 
senso r state could be true ( I) or fal se (0)). Components consist of both the physical 
dev ices (i.e. the hardware) and the software (i .e. one or more e lements). In Figure 4.1 
the example of the component given is a machine clamp and the control logic 
embedded in the clamp. Modules are the composition of severa l of components and are 
the small est units to be associated with a geometrica l model representation (i.e. a CAD 
based 3-D representation in VRML" for example see Figure 4. 1, Vera 2004 (1 35)). 
One or more modu les make up the sub-systems (e.g. transfer subsystem, wingbase 
subsystem or a fi xture subsystem), which in turn are compo ed into a system. 
L---------I Sub-system { 
Modules 
} 
States 
Wingbase 
Corllrol LogiC 
Fixture 
Subsystem 
CIIA I·· ... ..... oolOC I 
. States 
• Conditions 
. Transitions 
E lements 
Figu re 4.1 Architecture or systems with piCtOri:l1 exa mples wi th in the CCG projects. 
Based on th is architecture and the characteristics of the components, the engineering 
data (e.g. control data, actuators physical characteri stics and performance) conta ined 
within each component and required for the implementation of the various aspects of 
the machine can be readily made ava ilable to all the stakeholders in the system 
development. 
11 Vinual Real ity Modell ing Language. The 3D visualisation wi ll be discussed in the later section 4,2.3. 
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4.2.3 Integrated Engineering Tools for the CBA 
An integrated engineering too l has been created to fac ilita te the implementation of 
systems based on tile CBA. This engineering tool consists of four environments: i) 
control implementation [7 1], (ii) design and engineering (1 36), (iii) visualisation [ 141], 
and (iv) human machine interface (HMI) (1 37). Underl ying these four environments is 
a common database which serves as the repository for the components created and 
con fi gured within the di fferent environments (33). Figure 4.2 shows the diffe rent 
environments and the common database which contain all of the informati on required 
for the formation of a common data representation model. Each environment uses the 
same component data stored in the common database. The common database ensures 
the system data are consistent within the di fferent environments. There is no direct 
coupling between the four environments and each of them is independent of the target 
system. The tools in each environment have been developed independently. The four 
environments fo rm an integrated envirollment, which supports the des ign, modelling 
and implementati on of the CBA . 
Conlrol 
Design 
I 
Common Database 
rr~l 
r:b 
!':"~ 
Ed 
.~J ~l 
r:b .:b 
"i' 1: Ed 53 
Figure 4 .2 The different environments developed within CCG: control (runtime) implementation 
environment, design I engineering cm'ironment, 3D visualisation environment, 1·IMf environment 
which support's the formation of a comlllon model. 
Control Environment 
The control implementation environment (i.e. rLlntime environment) is the envirooment 
used for executing the control logic to dri ve a machine. A distributed control 
architecture has been adopted in th is environment. The components are networked in a 
distributed architecture and can communicate with one another in a peer-to-peer fashion 
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[140]. The system does not reqUIre a master or central controller to coordi nate the 
manufacturing operation; each component knows what (i nternal state machine), how 
(contro l/actuat ion knowledge) and when (internal and external component tates) to 
perform the required task [140] . 
Design and Engineering Environment 
The design and engineering environment provides the support for the lifccycle of 
machine design and build. This environment is used to enable the definition and 
configurati on ofa machine, simulation and the monitoring of machine activiti es. 
Figure 4.3 shows an example of the engineering environment developed in CCG, 
referred to as the Process Defini tion Environment (PDE) since the environment enables 
the basic components to be con figured to support the defined engineering process. A 
machine is created by defining the sub-systems that comprise the machine, using the 
machine tree hierarchy window. The machine parts li st cou ld be created either using the 
components catalogue or the modules catalogue. Once the part lists had been built up, 
the behaviour of the machine is specified. The behaviour of an individual component 
with in the app lication is described within a state transiti on diagram (STD) [142]. The 
STD represents the states of an element, i.e. either a two or four (or more) state 
element. A four states actuator is illustrated in Figure 4.3 in which the actuator cyc le 
moves through retTacted, moving component, extended and retracting. The condi tions 
for the element to change its state are tenned the sequence interlocks. Logical 
combinations (i.e. AND / OR) of sequence interlocks are used to con fi gure the desired 
machine application behaviour. For example in Figure 4.3, the actuator moves from 
retracted to moving if: i) the component feeder's component sensor shows no part 
present, ii) the component feeder's bin sensor shows a part present, and iii) the 
component transfer' s transfer aml is at the left position. A component described in the 
engineering environment will be mapped directly onto an equiva lent component within 
the control implementation environment. Although the machine behaviour can be 
configured by specifying the interlocks of individual elements as described above, 
equi va lent behaviour can also be defined using a timing diagram representation as 
shown in Figure 4.4 . The timing diagram shows the sequence of progression wi thin the 
application logic simi lar to a Gantt chart representation for project activities [32]. The 
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transitional state is represented by a rectangular bar (the length of the bar indicating tbe 
time taken to perform the state transition) and the conditions are represented by 
diamonds or oblongs. Tbe overall sequence of the timing diagram flows from left to 
right and from the top to bottom, providing details of the cycle time and overall time 
period for the application. 
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• System 
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Interlocks 
describing 
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Figure 4.3 The design and engineering environment: The Process Definition Environment (PO E), 
which provides design, ana lysis and monitoring support at the various stages of machine design 
and build. 
Using the POE, analysis and simulation activi ties can be carried out before the 
application is installed onto the "real" control network environment. This enables error 
checking of the logic application early wi thin the lifecycle. Figure 4.5 shows a 
simulation application within the POE. The 3D VRML model is used for visuali sing the 
effects of the control logic on the "real" system and assessing the sequence of operation 
by observing the time sequence of the "physical" component actuation. At the same 
time, the stale tTansition diagram can be used for checking the conditions for state 
changes and the timing diagram is used to monitor the sequential progression. By this 
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process tests can be undertaken on (i) each module, (ii) each sub-system (ii i) integrated 
sub-systems and (iv) the complete system prior to insta ll ation . 
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Figure 4.4 Timing diagram generated in the POE 
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Figure 4.5 Machine simu lation in PO E; the simulation o f machine logic ca n be viewed using 3D 
VRML model, states transition diagram or the timing diagram. 
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The POE contains the following soft ware toolsets: 
i) a component configuration too l - enables the component manufacturers to 
con fi gure thei r components 
ii) a machine configuration too l - fac ilitates the configuration of machine control 
logic, defining the interlocks and the parameters. 
iii) a simulation and debugging too l - enables the virtual testing of the control logic 
before actual installati on 
iv) a machine installation tool - facilitates the downloading of the control logic onto 
the phys ical machine 
v) a HMI configuration too l - provides the interface for configuring the HMI 
templates required by the users (This will be described in the later secti on HMl 
environment). 
Visualisation Environment 
The vi suali sati on environment [1 4 1] enables a visual description of the physica l 
behaviour of machine application to be viewed. A 3D vi rtual representation of the 
machine is created using the Virtual Rea lity Modelling Language (VRML) [143]. These 
models enab le the animation of the machine behaviour that can be viewed remotely via 
any machine capable of supporting web browser so ftware [1 4 1]. An example of the 3D 
machine representati on of a simple conveyor line at Krause GmbH is shown in Figure 
4.6. 
The structure of the models generated in this envirollment is directly derived from tbe 
CB machine architecture i.e. they have the same structure as a real machine 
implemented using the CBA. The model can be used throughout the lifecycle of 
machine design and build process. For example the 3D model can be used: (i) for initial 
prototypi ng before any physica l machine or control system exists, (i i) during the design 
phase for analysis and testing, (iii) for the training of machine operators before the 
physical machine is completed, and (iv) after machine installation for remote 
monitoring/debugging. 
The visualisation environment can be run as a separate applicati on with in POE or as a 
standalone software application. As mentioned earlier, a machine can be created using 
either the components catalogue or modules (i.e. group of components including a 
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geometri cal representation) catalogue. Thus, configuring the machine using modu les 
would mean building a virtual machine via tbe 3D representati ons. By llsing the module 
catalogue, 3D machines are specifi ed in a way similar to that when lIsing the 
components catalogue. 
Figure 4.6 A virtual representation of a machine subsysccm created us in g VRML, which enables 
the animation of machin e behaviour. 
Human Machine Interface Environment 
The Human Machine Interface (HMI) environment is essentially the operator interface 
that is used for monitoring, diagnostics and controlling the operation of the virtual or 
real machines. The HMI environment is based on Web technologies and enables access 
to the CBA system via browser-based applicati on interfaces. Such an approach enables 
the users to access the HMI regardless of geographica l location, so long as Web 
technologies are available. 
Figure 4.7 shows an example of the HMJ created within the CCG projects based on 
CBA. The bas ic layout of the screens are determined and designed using any web-page 
editor. These web pages form the temp lates, which once generated, can be lIsed for all 
of the screens that comprise the HMI. Templates enable the generated HMls to be 
consistent by ensuring a common look and feel [1 37]. The template, when populated 
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with the components that make up the machine, provides the required screens for 
machine control. This is done by using a configuration tool in the PDE, as shown in 
Figure 4.8. 
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Common Database 
Central to the four applications environments is a common database, which enables the 
building of a common data representation, otherwise referred to as a common model 
[139]. Figure 4.9 shows graphicaIIy the common database, which undexpins the four 
different environments. The common database holds all of the information concerning 
the components and machine application creation (i.e. elements, components, module 
catalogues). When a component or machine logic is generated, it is stored in the 
database and becomes accessible to all of the other environments. The data represented 
in the components wiII also be stored in the common database. In addition, the HMI 
templates are stored in the database. Using the configuration tool in the PDE, the 
templates are populated with components. The implementation of a "blackboard" 
broadcaster aIIows the information from the common database to be propagated via the 
control network interface to the real machine and also shared amongst the different 
environments and other applications (e.g. Microsoft Excel, Microsoft Project). 
Blackboard I Se,rver' ~~--~ Database 
Other Applications 
Figure 4.9 A schematic representation of the common database underlying the HMI, visualisation, 
design and engineering and control environments. 
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Common Data Representation - Common Model 
The model formed using the common system data will inherently be focused around a 
consistent and coherent data representation. As all of the components in the machine 
are already defmed, the common model can be considered as a logical representation of 
the real system. Because of the way the components are built and the architecture of the 
CBA, there are no losses of design semantics from design to implementation (i.e. there 
is no requirement for the translation of data from one form to another). Data 
consistency and the process of information sharing are possible throughout the lifecycIe 
of the process. The common data representation of the system can be created at the 
early stages of machine design and progressively edited at later stages [33]. Through 
the use of Web technologies, project partners who are distributed geographically can 
access this common data representation to reason about and visualise alternative 
machine designs from their perspectives. In this way, changes on the machine design 
will be visible to all as and when they occur [144]. This will help to improve the 
communication among the project partners. At the same time, this common data 
representation will ensure a consistent representation of the system is used not only 
internally within an organisation, but also when working with external organisations 
[144]. 
4.2.4 Potential Benefits from CCG 
Based on the literature review of the CCG projects, the potential benefits from the 
implementation ofthe CBA are as follows [33, 34, 134] : 
i) Reusability, the basic control software is pre-written and embedded into each 
component and remains with it throughout its life. The components are reused 
by reconfiguring external parameters via the interface. 
ii) Configurability: flexible links (control network variables [I40]) between control 
elements enable the ready re-configuration of the elements. 
iii) Modularity: The CBA allows the decomposition of control functionality to be 
matched to the required physical modularity of a machine [33]. 
iv) Possibility of parallel design processes by various engineering groups: the 
different design processes (such as control design, electrical design and 
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mechanical design) can start in parallel instead of following a sequential order 
of processes. 
v) Simulation of the control system before finalising design. 
vi) Creation of a common model that supports globally distributed engineering 
partners: this will improve the interactions and' communication amongst the 
partners by improving visibility on changes and by having a consistent 
representation of the system. 
vii) Visualisation: the 3D VRML machine model provides a visualisation aid to the 
engineers during the process of machine design and could also be used for 
machine monitoring and debugging after the machine has been installed and in 
production. 
4.3 Evaluation Process 
The units of analysis have been described in the previous sections, providing a 
background understanding of the content and scope required for evaluation. The basic 
principle of evaluation has already been discussed in Chapter 2. A description of how 
the formulation of an evaluation strategy based on the context of the CCG projects was 
undertaken is presented in the following sections. 
4.3.1 Forming an Evaluation Strategy 
To conduct an evaluation involves making a plan, i.e. an evaluation strategy, to carry 
out the activities necessary for the assessment. The evaluation strategy sets the scope of 
the evaluation and how it is to be implemented, i.e. it is the highest level of the 
evaluation process. There are four stages to establishing an evaluation strategy: i) 
planning the evaluation, ii) evaluation design, iii) data collection methods and iv) 
analysis and reporting of data. Each of the stages within the evaluation strategy will be 
discussed and explained in the following sections within the context of the evaluation 
undertaken on the CCG case studies in this thesis. 
4.3.2 Planning 
The planning stage identifies the main issues and questions to be addressed in the study 
and develops appropriate methods for gathering data. It is also necessary to decide what 
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sort of information is required from the evaluation, such as whether it is quantitative 
data or qualitative data, subjective or objective data (see section 2.4.5). 
Planning is structured around three questions: i) what are the objectives of the 
evaluation, ii) who are the stakeholders, and iii) how will the evaluation findings be 
used. 
One of the starting points in identifying the objectives is to ask questions: what kind of 
, 
information is required from the evaluation, is it financial, strategic, organisational or 
human related; why is this information important; how is it related to the topic of 
research. Another way is to look at the project which is being evaluated and ask 
questions such as what will be the output of the project, what will it achieve, how was it 
achieved, what difference will these achievements make. The answers to these 
questions have to be clear, specific and measurable [145]. The objectives have to be 
clear so that an evaluator knows what to look for; they have to be specific so that they 
could be translated into operational terms which would help to identify the specific 
things to be measured. If the goals are clear and specific, the evaluator will be able to 
use different evaluation design and data collection methods for measurement. For 
example, the main goals of the CCG projects are to identify the cost and time savings 
that will be associated with the implementation of the CBA, the impact of the CBA to 
the current working practices and changes in the work processes. 
An evaluation may have many objectives. Whether they could all be achieved depends 
on the resources that are available. These resources include the manpower available to 
conduct the evaluation, the time available, expenses involved, equipments and facilities 
to support data collection, analysis and reporting. An important aspect of planning an 
evaluation is to break down the timeline, tasks, expenses, personnel and materials 
associated with the completion of the evaluation. This enables the evaluator to make a 
realistic planning and scheduling of the evaluation activities. 
The importance of stakeholders in an evaluation has been discussed in section 2.4.4 of 
this thesis. In evaluating the CCG projects, the relevant stakeholders were determined 
by looking at who i) uses, ii) can affect, iii) can influence the technology, and likewise, 
who i) are affected, and ii) are influenced by the technology. In Figure 4.1 0, three main 
groups of stakeholders have been identified from the project collaborators and grouped 
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as the end users, the machine builders and the component suppliers. Further 
decomposition in the end user domain leads to the identification of the operator, plant 
manager, control engineer, mechanical engineer and maintenance engineer as the 
relevant stakeholders. 
The use of the evaluation findings is very much related to the objectives of the 
evaluation and the stakeholders' requirements. Different stakeholders have different 
uses or may interpret the fmdings differently. For example, in the CCG projects, the 
end users and the machine builders were both interested in knowing how much savings 
could be made from implementing CBA whereas the component suppliers were 
concemed about the investment that had to be made in order to produce an initial set of 
machine components. Therefore, when planning an evaluation, it is important to 
determine: what would the evaluation findings be used for, what information is useful 
to the stakeholders, how could the stakeholders use it when specitying the objectives. 
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Figure 4.10 Identification of stake holders in the CCG projects. 
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4.3.3 Design 
The planning stage identifies the objectives of the evaluation. The next step is to 
identify what is to be evaluated in order to meet these objectives. This is commonly 
referred to as the design stage. At the design stage, the two main tasks are: i) to 
determine what to evaluate and ii) determine the evaluation design approach. 
Having specific objectives helps to determine what to evaluate. The process is to 
translate the "concepts" into "operational definitions". These "operational definitions" 
help to specify ways of measuring the concepts [85]. For example, if the objective of 
an evaluation is to measure the efficiency of CBA in machine control system design, 
this could be done by measuring the time taken, the necessary skills and levels of 
experience and the number of workers that are required in using the CBA to design a 
machine control system as compared to using current resources and processes in 
automotive industry. 
Evaluation designs are selected on the kind of problems to be addressed and the specific 
aspects of the problem under investigation [64]. Different approaches could be used in 
each evaluation. The important point is to select a design approach which is fit for the 
purpose. The decision on which evaluation design approach to use in terms of their 
relative strengths, weaknesses and suitability for different purposes have been discussed 
in Chapter 2. Different design approaches were adopted in the evaluation of the CCG 
projects. Interviewi2 were conducted at the initial phase to obtain process knowledge, 
detailed experiential experience and feedback as and when required. Such interviews 
could only involve a limited number of stakeholders at each time. Documents analysis 
was also carried out for background understanding of the scope of the research topic. 
Experimental designs were also undertaken in the form of tests and conducted to make 
assessments of the CB system. To gather feedback from the stakeholders, a survey was 
implemented. This was carried out using Web-based questiomiaires and sent out to the 
targeted respondents at the end of the project to obtain an overall assessment of the 
project. At the same time, industrial case studies involving the project collaborators 
were used for investigating the effect of CBA to the actual users. 
12 The selection of data collection methods will be discussed in the following section, Section 4.3.4 
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Different evaluation design approaches were adopted because oftheir relative strengths 
to elicit the different types of information required within the design activity (see 
Chapter 2). Moreover, the different approaches enabled different sets of data from 
different perspectives to be determined and thus allow the consistency of the data to be 
appreciated. 
4.3.4 Data Collection 
The data collection methods selected depend on the kind of data that need to be 
obtained and practical considerations related to time, resources and access to the 
sources of data [64]. Each data collection method has its concerns, strengths, 
weaknesses and constraints. As in the case for determining the evaluation design 
approach, it is a matter of selecting a method best suited for the tasks, within the limits 
of the resources available. 
In general, when attempting to understand a topic, the first step is to read about the 
topic, i.e. by analysing available documentation. All research work involves to a greater 
or lesser extent the use and analysis of documents [64]. These documents are secondary 
data (see Chapter 2) which are produced by others for other purposes, which could be 
from journals, archives record, newspaper, magazines, work procedures. 
Some methods are more likely to be associated with quantitative data, such as 
questionnaires. However, methods such as observation, which are likely to be 
associated with qualitative data, can also be used for quantifying data. An example 
would be to record the frequencies and durations of events such as the number and the 
type of design changes that occurred during a project for machine design and build. 
Therefore, different data collection methods could be used for different purposes 
depending on the objectives of the evaluation. The type of data collection methods used 
in this research has been described above in section 4.3.3. A simple guide to the reasons 
why the various method were used would be [89]: 
• Documents used to obtain background information; 
• Interviews and observations used to find out what people do; 
• Interviews (if targeted respondents are few), questionnaires (if targeted 
respondents are many) used to find out what people think; 
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• Experiments or testing used to obtain objective quantifiable data. 
4.3.5 Analysis 
The final phase within the evaluation strategy is the analysis of the data. Data that has 
been collected has to be interpreted because data in their raw form generally do not 
convey much useful information. It might be necessary to consider the method for 
analysing the data during the stage of deciding the data collection methods. For 
example, to find out what people think, interviews might be used to collect qualitative 
and detailed data from smaller number of respondents whereas questionnaires could be 
used to gather information from a larger number of respondents where less detailed data 
. is sufficient. 
The raw data had to be converted into some form that can be easily studied. In most 
cases, data is converted into the form of documents, transcripts or some graphical 
representation [146]. In this research, the technique of enterprise modelling and 
dynamic modelling (i.e. simulation) has been adopted for representing and analysing 
the data (see Chapter 6). The information for constructing these models has been 
derived from the other data collection methods as outlined above (see Chapter 5). The 
enterprise modelling approach was used after the data had been organised and 
summarised. Enterprise modelling enabled the abstraction of the key information on, 
for example, the enterprise organisation, work processes, activities, physical and human 
resources, resources interaction and enabled their representation using graphical 
modelling constructs. Such models have facilitated the detailed analysis of the existing 
processes, i.e. AS-IS process, and the future processes, i.e. TO-BE process (see Chapter 
7). 
One of the advantages of using modelling methods for representing the data is that the 
modelling constructs can be used as the basis for dynamic modelling. Dynamic 
modelling used in this thesis has allowed: i) the 'visualisation' of the interactions in the 
processes and ii) quantitative values to be derived for the parameters that are important 
to the stakeholders with respect to the evaluation exercises (see Chapter 6). Different 
scenarios have been created and tested using the dynamic models. 
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4.4 Summary 
The main case studies used in this thesis, (i.e. the CCG projects), have been described 
in this Chapter. The architecture of a machine proposed by the CCG projects, the 
different application environments (or the engineering tools created under the projects) 
and the potential benefits from the CCG projects have been explained. A description of 
the integrated engineering tool comprising of the different application environments, 
namely, the control environment, the design and engineering environment (PDE), the 
visualisation environment (3D VRML models), human machine interface (HMI) and 
the common data representation have also been detailed. 
The formulation of an evaluation strategy has also been briefly explained and outlined. 
The evaluation strategy includes planning, evaluation design, data collection and data 
analysis. The data collected within the evaluation strategy have been subjected to 
analysis via enterprise modelling methods (see Chapter 6). 
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Structured Methods for Evaluation 
5.1 ·Introduction 
The formulation of an evaluation strategy has been described in the previous Chapter. 
The methods for data collection used in this research i.e. analysis of documents, 
interviews, questionnaires and experimental design are described in more detail in this 
Chapter. Together, these methods form the core of a structured approach to evaluation. 
The Chapter begins with a discussion of documents analysis and knowledge elicitation 
techniques and concludes with the documentation of the requirements for testing in 
future implementations. 
5.2 Analysis of Documents 
The analysis of documents tends to be the first step in any research project [69) and 
usually begins with the identification of the domains of interest and a review of the 
materials relevant to the research. Other than obtaining the information from the public 
domain, stakeholders can also provide useful documents for reviewing. 
In this research, there are two main parts to the documentation review: i) understanding 
the role of the stakeholders and their current working processes i.e. the AS-IS processes 
and ii) understanding the implications of implementing the CBA for the stakeholders, 
i.e. the TO-BE processes. 
In trying to understand the role of the stakeholders and their working processes, 
requests were made to the stakeholders in order to obtain company documentation 
whenever possible. This documentation has included for example organisation charts, 
engineering process flow charts, change management requests and records of changes 
made throughout the development process. 
The second part on understanding of implementing the CBA covered the review of the 
literature in the software industry which has already been discussed and presented in 
Chapter 2. The focus of the analysis of the software engineering documents was centred 
around impact of the CBA on the business and the human factors. The review has led to 
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the compilation of a list of potential benefits that CBA could bring to the automotive 
industry in terms of product, process, business and people. 
5.3 Interviews 
Interviewing the stakeholders was the most straightforward and convenient way of 
getting information [85]. It allows the interviewer to response spontaneously to the 
answers given by the interviewee and the interviewer is able to clarify any doubts or 
questions that are raised during the interview. 
The interviews in this research can be broadly categorised into three phases: initial 
phase, intermediate and final phase. At the initial phase, the topic for discussion during 
the interviews tended to be more general. This is because the interviewer or evaluator 
needed to establish a background understanding of the topic under study. This also 
implies that at the initial phase, the interviews were less structured. The questions asked 
at this phase were general, such as, understanding what is the company's main business, 
their customers, the workers population of the company and the organisation of the 
company. In some cases, the questions to be asked were sent in advance to the 
interviewee. The questions helped the interviewee to prepare the necessary documents 
or information for the interview. During the interview, the interviewer stated the 
purpose of the interview and the information that was sought. The order of the 
questions was not fixed and the interviewees were allowed to develop ideas and speak 
widely on the topic raised [77]. 
At the intermediate phase, when the interviewer had sufficient understanding of the 
interviewee (Le. the company), the interviewer was be able to focus on the main topics, 
such as understanding the working process within a particular department, the working 
practice of the personnel in the department, how they deal with the customer's request. 
Interviews at the intermediate phase tended to be more structured, focusing on 
particular topic and more specific questions were asked. These one-to-one interviews 
were often undertaken as a result of previous discussions. The interviewees were in 
most cases senior engineers (Le. mechanical, control, electrical) or the heads of the 
departments ofinterest (Le. engineering, marketing, manufacturing, controls). 
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At the final phase of the interview process, much of the infonnation required had 
already been. obtained and the interviews tended to be shorter. The interviews were 
centred around clarification of infonnation that in some cases was also obtained via 
phone calls and emails instead of face-to-face interviews. 
It has been recognised that interviews, as a fonn of data collection method can be 
subjected to biasness and inaccuracy [85]. However, in this research, the possibility of 
bias is not a major issue because the main focus of most of the interviews was on the 
"well-defined" process of machine design and manufacture. The interviews were 
directed towards describing the working processes of the stakeholders. On the question 
of accuracy, the errors were reduced through the development of process models and 
obtaining regular feedback on the models from the stakeholders for verification (see 
Chapter 6). 
5.4 Experimental Design - Testing 
The issues surrounding the implementation of a system include not only the technical 
system i.e. hardware, software and infrastructure, but also the organisational and social 
(human) issues [147]. Most of the evaluation methods reported in the research literature 
(Chapter 2) facilitate the evaluation of the actual implementation of a system. This does 
not necessarily mean that the all of implications and issues can or will be highlighted 
early within the system lifecycle. A method which enables the researcher to be able to 
foresee the opportunities and problems prior to implementation (or as early in the 
lifecycle phase as possible) is required. In the tests used in this thesis, a task was set to 
assess how the CB system would be used and "user representatives" (i.e. either the user 
or someone who acts as the user when the actual user is not available) have been used 
to undertake the tests where appropriate. Future perfonnance metrics have been 
detennined via scenario analysis [148]. 
5.4.1 Scenario Analysis 
Scenarios are infonnal methods that have been used by systems developers in designing 
new systems for many years [149]. They are often used to explore concepts and ideas, 
helping the developer to gain better understanding of the system they are developing 
and to communicate the perfonnance results to others. Scenarios have also been used 
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for training, documentation and for usability testing [150, 151]. Scenarios can be used 
at different stages of the development process [152]. Each scenario has its own aims 
and objectives and can thus be focused on different aspects of design, or analysis, 
implementation or test be directed towards different levels of detail [153]. There are 
many different methods used to represent scenarios, ranging from text based narratives, 
story boards, to games and role playing, video and rapid prototyping tools [154, 155]. 
They are created and used to represent or show how a system or application is being 
used [97]. 
Carroll [149] defined scenarios as stories about people and their activities. They are 
stories that describe the instances of use, a user's view of what happens, how it happens 
and why. They are based on the work activities of prospective users [156]. Scenarios 
are concrete and explicit, i.e. they are abstract ideas; they are enacted scenes used by 
developers and evaluators to envisage the events that occur or might occur when a 
system is designed, implemented and operated i.e. to describe what the system will do 
and how it will do it. 
Scenarios have various elements [148]. These elements are setting, agents or actors, 
goals or objective, actions and events. Setting is the circumstances in which an activity 
takes place. The humans involved in the activity are the agents or actors. Each agent or 
actor has goals or objectives. These are the changes that agent wishes to achieve in the 
circumstances of the setting. Every scenario involves at least one agent and one goal. 
When more than one agent or goal is involved, "they may be differentially prominent in 
the scenario"[149]. Things that the actors do, things that happen to them, changes in the 
circumstances of the setting are the actions and events in a scenario. These actions and 
events often will change the goal of a scenario. 
To carry out testing to "envisage" how a new design system / paradigm would or could 
be used when put into actual use, future implementation / operational scenarios need to 
be created [157]. 
5.4.2 Future Implementation Scenarios 
Future implementation scenarios provide an "insight" into what will happen when a 
system is implemented. They will defme the system, the task, the interaction between 
Page 92 
Chapter 5 Structured Methods for Evaluation 
the users and the system and the responsibilities of the stakeholders [147]. The 
scenarios are used to examine the usage of the system by exploring the implications in 
terms of changes, advantages and disadvantages for each group of stakeholders who 
could be affected by the system [158]. 
A schematic of the method used in this research is shown in Figure 5.1. The process 
, 
involved the documentation of the current problems faced by the users and an outline 
description of the "AS-IS" technical systems. The perceived benefits of the CBA were 
then analysed and mapped onto the aims and functionality of the "TO-BE" technical 
system. At the user identification stage, the users, their role responsibilities and role 
relationships were identified. Usage scenarios were created based on the perceived 
benefits of CBA, the problems faced by the users and knowledge of how the "TO-BE" 
system could be used. The next stage was to interpret and assess the usage scenarios. 
The aim was to produce an assessment for each of the major stakeholders. The normal 
mode of undertaking the evaluation was to ask the actual users to evaluate the proposed 
system from their perspectives [157]. However, this was not always be possible for 
various reasons such as geographical location, lack of resource (e.g. time, cost) or 
political reasons. In such situations, user representatives were asked to play the role 
[147, 157]. It was necessary that the user representatives had sufficient knowledge of 
how the "AS-IS" (i.e. current system) and the "TO-BE" system (i.e. possible future 
system) work in order to perform the tasks specified in the scenario. In this work, the 
targeted users of the CB system were not available for detailed quantitative testing 
because of i) geographical location problems, ii) project and end user's time and cost 
constraints, iii) time required on the leaming curve of the CBA concepts prior to being 
able to participate in the test was too large for busy industrial collaborators, and iv) the 
complete prototype system was not robust enough for actual user trials at the time the 
scenarios were enacted. Hence a small sample of knowledgeable researchers from the 
MSI research group was deployed as the user representatives for quantitative analysis. 
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Current Problems 
faced 
Outline of 
AS-IS 
Technical System 
User Identification 
Identify users 
users responsibilities 
Perceived 
Benefits of CB A 
Outline of 
TO-BE 
Technical System 
Usage Scenario 
Technical System Functionality 
Mapped onto Role Responsibilities 
1 
Interpretive Assessment 
Figure 5.1 Steps taken to conduct the future Implementation scenarios (Adapted from Eason 1996 
1157] ) 
5.4.3 Designing the Scenarios 
The scenarios for the testing were created by mapping the perceived benefits that could 
be brought about by the implementation of CBA onto how the users might use the 
system. The objectives of the scenarios were: i) to investigate the likely implications of 
CBA for various stakeholders (e.g. changes in business processes, information 
requirements, roles and responsibilities), ii) to investigate the issues involved in users' 
interaction with CBA system (e_g. engineering tool usage, visualisation tool, HMI 
development, runtime usage) and iii) to investigate the appropriateness of scenarios in 
enabling likely changes / implications to be appreciated. 
Figure 5.2 shows schematically i) the problems, ii) the characteristics of the CBA, and 
iii) the stakeholders who would have to deal with the issues associated with the 
adoption of a CBA for automotive machine design and build. The pressures and 
problems faced by the stakeholders, the characteristics and the benefits of CBA and the 
reasons why CBA is thought to be a solution to the problems have been discussed in 
both Chapter 2 and Chapter 3, with the perceived benefits of implementing CBA 
highlighted in Chapter 4. 
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.• ,' ReilSe': ' 
• Plug & Play 
Stakeholders: 
• End users 
builders 
• Component suppliers 
Figure S.2 Problems faced by stakeholders and the benefits offered by eBA 
Based on current problems / issues, the characteristics of the CBA and the requirements 
of the automotive stakeholders, several future implementation scenarios (FIS), 
representing the different uses of the system were created. (see Table 5.1). Problems 
that have been investigated in the scenarios are marked with a tick. The scenarios that 
have been created cover: 
i) process translation 
ii) system design 
iii) modification of design 
iv) system validation and analysis 
v) system manipulation 
vi) remote diagnostics / maintenance 
Each scenario attempts to illustrate, within a particular situation (i.e. the setting), the 
questions asked and the task / tasks undertaken. The aim of each task is to investigate 
how the CBA i.e. the "TO-BE" system would be used to solve the problem / issues 
encountered. 
Page 95 
Chapter 5 Structured Methods for Evaluation 
Scenario 1: Process Translation 
Setting: The machine builder has the specifications to design a new machine. The 
engineers (e.g. mechanical. electrical and, control) involved are to design the various 
parts of the machine based on these specifications. 
Question: How would the data be available and be shared amongst the engineers 
when the CBA has been adopted? 
The three major problems that the machine builders are currently facing are i} paper 
based documentation which requires re-interpretation and translation, ii} the lack of 
common tools for data representations and iii} a high dependence on specialised 
experience of a few key personnel. The consequences of these problems are: i} 
multiple translation of information which results in errors that are usually only 
discovered when the machine is commissioned, ii} machine behaviour that is not easily 
understood by all of the stakeholders involved in the project, and iii} the inability to 
reuse previous design solutions in a systematic marmer. The benefits offered by the 
CBA is that functionality is encapsulated in systems of components, configured, 
analysed, simulated, monitored and maintained within an integrated environment (See 
section 4.2.3). This in turn enables the engineering data to be used directly by the 
different users. It is important to determine how much translation effort the new CB 
concepts and tools could eliminate. 
Scenario 2: System Design 
Setting: A new machine is to be designed 
Question: How long will the new CBA system take to design the machine? 
One of the claims in implementing the CBA is that it will reduce the overall time taken 
for machine design and build. This scenario was designed to investigate the time 
difference that CBA will make to the overall timeline of the project. In essence, this is 
the major benefit of the CBA system from the stakeholders' perspectives. 
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Scenario 3: Modification of Design 
Setting: Assuming that a change needs to be implemented on the machine, what is the 
impact on the mechanical, control and electrical design and implementation processes? 
Question: How does the implementation of CBA facilitate the changes in design? 
Changes are inevitable throughout the process of machine design and build and it is' 
important that the impact of these changes are both understood and minimised. One of 
the main advantages of CBA is that the components can be easily reused. The aim of 
this scenario is to investigate i) whether the CBA would enable the stakeholders to react 
better and more rapidly to changes and ii) the issues associated with the reuse of the 
CBA components. 
Scenario 4: System validation and analysis 
Setting: The physical machine has not been built. The engineers would like to verify the 
control design of the machine, reducing the burden at commissioning. 
Question: What could the CBA implementation offer in this situation? 
The commissioning period is usually under extreme time pressures since it tends to 
absorb any upstream delays in specification, design and analysis. Delivery dates are 
rarely changed. Under the current "AS-IS" process, commissioning is the time when 
any inconsistencies in the system are found and rectified. One of the opportunities for 
the machine builders to reduce this load is by commissioning sub-systems before the 
final assembly and by pre-testing (e.g. virtual simulation of machine logic) of the 
machine behaviour. This scenario was designed to study the possibilities of having sub-
assemblies tested before the fmal assembly and commissioning. It enabled the 
practicality of using virtual simulation for detecting inconsistencies in machine design 
to be explored. 
Scenario 5: System Manipulation 
Setting: The system is processing a part and an unexpected error occurs. The on-site 
operator must now manually manipulate the system to bring it back to normal 
operation. 
Question: What needs to be done to bring the system back to normal operation in the 
new CBA system? 
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It is important that a CBA system is able to satisfY the functional requirements specified 
by the machine builders. If errors occur on the system, it is important to get it back into 
normal operation condition as soon as possible. This scenario was designed to look into 
the ease of manipulating a CBA system when an unexpected error occurs. It enabled the 
differences the CBA system might make to the user in terms of machine control to be 
assessed. 
Scenario 6: Remote Diagnostics / Maintenance 
Setting: An error has occurred at the end-user's machine and the maintenance 
engineer needs help from the machine builder. 
Question: How does the CBA implementation support remote diagnostics/maintenance 
of the machine? 
There is limited remote diagnostics/maintenance capability within the "AS-IS" process. 
Currently, the remote diagnostics support is phone based which often leads to 
difficulties in understanding and explaining the problem that has occurred on the 
machine. In most cases the machine builders have to send their engineers on-site 
regardless of where the end user production site is located. This global support is both 
costly and time consuming (see Chapter 2). This scenario enables the efficiency of 
remote diagnostics and maintenance capabilities with the CBA implementation to be 
assessed in terms of (i) the time and cost savings and (ii) the changes in the processes 
required. 
The objectives, tasks and the metrics used in each scenario are summarised in Table 5.2 
at the end of the Chapter. In each scenario, the effort that is required to perform the 
designated task has been compared between the "AS-IS" and in the "TO-BE" 
approaches. In the scenarios, actors have been identified (e.g. in the scenario for remote 
diagnostics, the actors identified are the control engineer and maintenance engineer, see 
Appendix E), who usually perform the specified task. During the testing of the 
scenarios, observer(s) were present to monitor and document the proceedings. At the 
end of the scenarios, feedback was obtained from the actors and the opinions were 
compiled for analysis [159]. 
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The detailed descriptions of the scenarios are given in the Appendix E with the actual 
implementations of the scenarios detailed in the case studies in Chapter 7 . 
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l. Paper based documentation 
requiring translation -I' 
2. Lack of common tool or data 
representation . -I' -I' -I' 
3. Changes throughout lifecycle V-
4 . Late verification of automation 
system V-
S. No simulation or visualisation tools V-
6. Lack of support for remote 
diagnostics -I' -I' 
7. High reliance on experience in 
design and implementation -I' V-
8. Lack of support for reuse V-
9. Need to shorten time V- V- , 
10. Need to reduce cost V- V-
Table 5.1 Mapping the problems to the scenarios 
5.5 Questionnaire 
A survey was conducted by using a Web-based questionnaire to determine the detailed 
opinions of the stakeholders on the CBA proposed by the CCG projects. The objectives 
were to find out how the stakeholders rated the CBA on the issues of: i} the practicality 
of CBA, ii} impact on time, iii} impact on cost and iv} their concerns with its 
implementation. 
The main reasons for choosing a questionnaire to obtain the information was because: i} 
it is low cost (i.e. in this work, it was sent through email and posted on the university's 
website), ii} different individuals were able to complete the survey simultaneously, iii} 
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it is fast and can be produced within a relatively short period of time, and iv) it enables 
standardised results to be obtained. However, the disadvantages of questionnaires also 
needed to be taken into account such as i) limited number of returns from an already 
small sample of engineers and ii) misinterpretation by the engineers. 
The questionnaire was designed to be self-completed. It was set up on a website so that 
the respondents could access it regardless of their geographical locations. The targeted 
respondents were mainly the stakeholders (i.e. end-user, machine builder and the 
component suppliers). Attendees at the demonstration of the project results at machine 
builder sites were targeted. Nevertheless, these individuals were the main project 
manager, process, mechanical and controls engineers in the collaborators who had the 
most direct experience of the research and hence the most relevant input into the 
evaluation. 
A detail and full copy of the questionnaire can be found in Appendix B. The 
questionnaire has a total of 9 pages and 35 questions. It was divided into two parts; the 
first part of the questionnaire required the respondents to provide some background 
information such as their organisation, their position within the organisation, the 
domain that their organisation belongs to. The second part was comprised of the 
questions regarding the CBA. This latter part was further sub-divided into six sections, 
as shown in Figure 5.3. Each sub-section covered a specific aspect of the project: i) 
common model approach, ii) the control environment, iii) engineering environment, iv) 
visualisation environment, v) human machine interface, and vi) overall assessment of 
the project. This sub-division enabled specific questions to be asked regarding the 
particular aspect. For example, in the section on the control environment, respondents 
were asked for their opinions on distributed control, embedded control and the 
relevance of these techniques to their organisation. Under the section on the 
engineering environment, questions were centred around usability, graphical 
programming and logic simulation. Questions on how the CBA tools might affect time, 
cost and skills were also included. The respondents were asked to rate their perceived 
impression of the impact to their organisation. 
Page 100 
-
Chapter 5 Structured Methods for Evaluation 
Overall Assessment l 
Human Machine Interface I 
Visualisation Environment I 
Engineering Environment I 
Control Environment I 
Common Model Approach 
• Description 
• Closed end questions 
1~:owwouiCfyoW;ate·,iiit'jmpit~~I)c;rjOf:iioo'mmo~]lOlf.r.ppm'Chmr~:1~!~:!J.I 
c N. C Lell C N_ C Useful C v •• C Do ... UMful 
""" 
_fuI undBl1Iland 
• Open end questions 
- I :Sbi'WhiCh:probr.'iTi.'wouicryo'i-;coMidlr'I'bUi.oiv1d~bYth;'~omm'o~oi'j!]~J 
T 
L- i rl 
- L ' otal : ~'-~ ~" 9 pages L-- • @k[k[[[[[[[[[[[[[[[?Jik[M[[JNyj 35 Questions • • 
'---' 
Figure 5.3 A graphical description of the different sections and the type of questions used in the 
questionnaire 
At the beginning of the questionnaire, a brief explanation of the CBA and the research 
work on the approach was provided for the respondents. This provided the respondents 
with some background information before they proceeded to answering the questions. 
In each different section of the questionnaire, additional definitions and explanations 
were given so as to ensure a common understanding of what the terminology meant and 
minimised misunderstanding and misconceptions. 
Majority of the questions were "closed ended" (see section 2.4.5) and "intensity 
questions" [82]. The main reason for using closed ended questions was to encourage a 
higher responding rate and secondly, to facilitate the analysis of the results. Intensity 
questions were used to measure the strength of the respondents' feeling or attitude 
towards a topic and enable quantitative information about these issues to be obtained. 
This is possible through the use of a rating scale, e.g. Likert scale [65], to measure the 
opinions. The advantage of the approach was that it provided more information about 
issues of concerns. For example, instead of showing that the respondents favour a 
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particular issue, it can be shown that 5% of the respondents are strongly in favour and 
70% are neutral to the issue. 
Figure 5.4 illustrates an example of a typical question from the questionnaire. In this 
particular example, a closed ended question has been used and' the respondents were 
asked to rate according to how useful they perceived common model approach to be. A 
no-opinion option, in this case using "Do not understand" was included so that 
respondents who do not understand the CBA can nevertheless provide opinion that can 
be included in the analysis. 
o Not 
useful o 
Less 0 
useful Neutral o Useful 0 
Very 0 
useful 
Do not 
understand 
Figure 5.4 An example of a question from the questionnaire using the Llk~ scale 
Some of the questions were "open-ended" (see Section 2.4.5). These were used when 
further explanation or personal opinions were required, as shown in Figure 5.5. In this 
example, after the respondents were asked to rate the usefulness of a common model in 
solving problems, they were asked to provide further information on what type of 
problems that they considered could be best solved by this approach. Such information 
is quite difficult or even impossible to acquire from the respondents if open-ended 
questions are not used [138]. 
The questionnaire was sent through e-mails and the respondents were given the Web 
address to the website of the questionnaire. The completed questionnaires were e-
mailed to the author via the Web server. If required, reminders were sent to the 
respondents a month after the first email (second reminders were sent a month in some 
cases). 
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o Not 0 useful 
Less 
useful o Neutral 0 Useful 0 
Very n 
useful • 
Do not 
understand 
Figure 5.5. An example of the use of open ended questions in the questionnaire 
5.6 Summary 
The methods that had been used for the data collection in this research have been 
discussed in this Chapter. Several methods had been used, namely analysis of 
documents, interviews, questionnaires (for the purpose of the survey), and testing via 
scenarios analysis. This mixed method approach provides the basic structured approach 
for the evaluation process. The data collection and the modelling methods that were 
used to evaluate the data that have been employed in this work are illustrated 
schematically in Figure 5.6. At the initial phase of knowledge elicitation, analysis of 
documents and interviews were the two main methods for gathering the information 
from the stakeholders. The analysis of documents was supplemented by interviews with 
the stakeholders, who provided more detailed information and insight into the issues 
involved. Interviews proved to be the most direct way of gathering information. They 
also allowed clarification to be made with the stakeholders but were extremely time 
consuming and difficult to organise with the relevant stakeholders. 
Two methods for assessing future implementations have been adopted in this research. 
One of them is scenario testing. Testing was vital to investigate how the CBA could be 
beneficial to the stakeholders when implemented and the results are key to enabling 
management buy in of the concepts and approaches required by the CBA. Scenario 
testing, in particular future implementation scenarios, has been identified as the method 
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for the exploring how the users might use a new system. Future implementation 
scenarios, as its name implies, were targeted at studying what will happen when a 
system is being implemented under the CBA. The scenarios described relevant 
situations and questions were asked regarding what and how the new system could 
offer over and above the current way the scenario would have been addressed. A 
description of how the set of scenarios had been created for the purpose, outlining the 
objectives and the task in each scenario has been included. A set of metrics that are to 
be used in the evaluation of the test has also been identified. 
The further evaluation outlined in this Chapter has been undertaken by conducting a 
survey in the form of a questionnaire to gather feedback from the stakeholders. The 
questionnaire approach was chosen because it is the easiest way to obtain this 
information from the global project partners involved in the research. The same set of 
questions was posted to all the potential respondents through e-mails. However, unlike 
the interviews, there was no guarantee on the response rate. 
The lower part of the diagram in Figure 5.6 shows the formal knowledge representation 
methods that have been adopted in this thesis. These methods and the modelling 
approach used in this research will be discussed in greater detail in the next Chapter. 
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Case Studies 
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'------------------- ------------------~ 
--v-
Evaluation Results 
Figure 5.6 Summary of the evaluation approach adopted in this research 
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Process Translation • To assess the level of translation that • To trace the process of machine • Number of steps 
is required during the process design and build and count the required 
number of times in which data are 
translated from one form to 
another 
System Design • To assess the time taken to design a • Design a new system using the • Time taken 
new system CBA 
Modification of design • To assess the complexities of • To make a change to the design • Time taken 
changing the mechanical, electrical of the machine and observe the 
and control design procedure required for making the 
change 
Table 5.2 Future Implementation scenarios created, the objects, tasks and the metrics of measurements for each scenarios 
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System i) To assess the possibilities of system • To test subsystems offline • Time required 
Validation! Analysis verification at an earlier stage • To sub-assemble the systems • Number of errors 
ii) To assess the possibilities of and assess the accuracy of the 
subsystem testing / incremental control behaviours 
testing 
. 
System Manipulation i) To test the ease of manipulating the • To inject errors to the machine • Time required 
system to a desired state while it is running and observe • Number of steps 
ii) To assess the level of knowledge the procedures required to required 
required to assess (i) recover the machine 
Remote Diagnostics / i) To assess the efficiency/effectiveness • Error injection and perform • Time required 
Maintenance of diagnosing a machine remotely. diagnostics using tools that 
ii) To identify suitable tools that is enable remote control 
required for effective remote 
diagnostics from different users' 
perspectives 
Table 5.2 Future implementation scenario created and the objectives and task for each scenario (continue from previous page). 
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Data Representation using Enterprise 
Modelling Method 
6.1 Introduction 
One of the main objectives of this research is to identify an appropriate method for 
fonnally representing and analysing the knowledge elicited from industrial 
stakeholders. Enterprise modelling has been identified as the suitable method for the 
purpose (Chapter 3). The reference architecture (i.e. CIMOSA) and dynamic modelling 
approach used in this research are detailed in this Chapter. The architectural framework 
and the modelling constructs that method has been based on will be explained. A set of 
CIMOSA representation diagrams will be explained in detailed and illustrative use of 
the diagrams will also be discussed. The dynamic modelling tool (i.e. iThinkTM) will be 
introduced and details of how iThinkTM constructs were used will be explained. Finally 
an illustration of how the enterprise modelling approach has been utilised to represent 
the various processes that result from the adoption of the new generation of engineering 
tools developed within the CCG projects will be presented. 
6.2 Process Representation Model 
Process representation, a sub-set of enterprise modelling architectures, has been 
adopted as the formal method for representing the engineering processes and the 
interactions between the stakeholders in this research. An appraisal of the capabilities 
of the range of reference architectures has already been presented in Chapter 2. A 
decision was made to adopt the CIMOSA enterprise engineering approach since 
CIMOSA has a well-established modelling architecture that has been studied, tested 
and validated by many academic research groups and industrial users in the 
manufacturing sectors [160-163]. In addition, CIMOSA enables (i) a largely top-down 
approach which is suitable for modelling the processes encountered in this research and 
(ii) the breakdown of the domain in terms of function, organisation, resources and 
infonnation. Finally, the CIMOSA reference architecture has been widely studied 
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within the MSI Research Institute in Loughborough University and this has provided 
valuable relevant operational experience and the development of associated methods 
and tools. The following section will discuss the CIMOSA framework and its 
modelling approach in greater detail focusing on the background relevant for the 
evaluation work in subsequent sections and Chapters. 
6.2.1 The CIMOSA Architectural Framework 
The CIMOSA Architectural Framework has been described by many authors [163-165] 
and is considered to be the most comprehensive of current public domain enterprise 
modelling approaches [90]. CIMOSA has been applied in different business domains 
[117]. 
The CIMOSA concepts are organised into three main parts [90]: 
1. An enterprise Modelling FrameWork 
2. An Integrating InfraStructure and 
3. A Computer Integrated Manufacturing system Iifecycle 
CIMOSA Modelling Framework 
The fundamental concepts within the CIMOSA modelling framework are usually 
represented by a CIMOSA cube (Figure 6.1). The framework offers the ability to 
describe and model an enterprise from different aspects and views. It comprises two 
architectures: a Reference Architecture and a Particular Architecture (see Figure 6.1). 
The reference architecture provides a reference model structure while the particular 
architecture is a set of models that collectively represent a particular business. The 
reference architecture has two layers namely the Generic and Partial layers. The generic 
layer provides the basic constructs of an enterprise modelling language, their types, 
instantiation and aggregation rules. The modelling constructs of the generic layer can 
be used to describe models related to different life phases of an enterprise from 
Requirements Specification, through Design Specification to Implementation 
Description. The partial layer consists of libraries of partially completed enterprise 
models that can be instantiated and used in a particular architecture. The modelling 
framework also promotes the use of three key enterprise engineering principles which 
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are derived from three dimensions (see section 2.5.3, Figure 2.7): i) the instantiation 
principle derived from the genericity dimension, ii) the derivation principle derived 
from the modelling dimension, and Hi) the generation principle derived from the 
dimension of views. 
I INSTANTIATION I ~lf ~ Ro.ourco ~~ ~ .... ~----~----~----~:'!"I;nlii'!1 
Function ~----7'::""---,,L---, 
z Q 
Requirements Dofl"ltlo. I 
Modelling Level 
5 Design Specification 
~ Modelling Level 
w 
Q 
Implementation 
Description 
Modelling Level Generic Partial 
Reference 
Architecture Particular 
Archlt.etura 
Figure 6.1 CIMOSA modelling framework (adapted from Veroadat 1996 (901) 
Instantiation Principle 
The instantiation principle is based on the three generic layers, which forms the 
Reference architecture and the Particular architecture (i.e. generic, partial and 
particular). The detail of each layer has been given in the previous paragraph. 
Generation Principle 
Under CIM:OSA, for an enterprise to be fully described and understood it has to 
cover at least four different views: Function, fuformation, Resource and 
Organisation. This set of views maybe extended if required. 
Derivation principle 
This set of CIM:OSA principles and concepts facilitate a step-by-step derivation of 
models through life stages of Requirement Definition, through Design Specification 
to Implementation Description. 
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CIMOSA Integrating Infrastructure (1/5) 
The liS is a set of basic information technology services, which enable physical and 
application integration [109]. It provides a unifying software platform to achieve 
integration of heterogeneous hardware and software components of the CIM system 
[161]. The liS enables interconnection of communication within the enterprise and 
provides support for enterprise coordination and inter-working. This set of services thus 
enables a CIMOSA model to be executed in a real system. However, since the liS is 
mainly concerned with the integration issues concerning real enterprise systems it is not 
relevant within the evaluation context of this research. 
CIMOSA System Life Cycle 
The phases of CIMOSA System Life Cycle covers requirement definition, through 
system installation, test and release to system maintenance. CIMOSA considers the 
following phases to be the major phases of a CIM System: master plan definition phase, 
requirements definition, system design, system build and release, system operation, 
system maintenance and change, and finally, system dismantlement [90]. 
6.2.2 CIMOSA Modelling Constructs 
The essential modelling constructs of the CIMOSA function view are events, domains, 
domain processes, business processes, enterprise activities and functional operations. 
They can be used to model enterprise functionality and behaviour [98], which are the 
main requirements with respect to the work outlined in this thesis. 
CIMOSA enables an enterprise model to be organised into manageable modules to 
reduce system complexity. These modules are called domains. Domains interact with 
one another by the exchange of events (request or triggers to do something) and results 
(defined as views on enterprise objects and termed object views) [90]. Domains 
comprise a set of core processes called domain processes which are decided upon by 
the user. A domain process (DP) is an end-to-end process that can exist on its own. It is 
a sequence of activities of an enterprise with well-defined starting conditions and 
provides a measurable or quantifiable end-result [90]. Figure 6.2 shows the interaction 
between domains and domain processes. Once the domains have been established and 
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their relationships made explicit, the events and domain processes of each CIMOSA 
domain can be defined. 
/ 
.. :;.:?'!! ~~~~~~ts ,.....~::~~~li-' 
DM = Enterprise Domain 
DMl = non-CIMOSA Domain 
DM2&3 = CIMOSA Domain 
DP = Domain Process 
Figure 6.2 Domains with interacting Domain Process (Source: CIMOSA [11]) 
Domain processes can be decomposed into lower-level processes, lower-level processes 
into sub-processes and so on using the functional decomposition principle [109]. 
Domain processes are broken down into the next level of activities expressed as a set of 
Business Processes (BP), which are further broken down into Enterprise Activities 
(EA), as shown in Figure 6.3. The decomposition is again functional based. An 
enterprise activity is the elementary unit of activity within an enterprise. A business 
process will comprise a set of related enterprise activities (see Figure 6.3). 
DP = Domain Process 
BP = Business Process 
EA = Enterprise Activities 
DM = Enterprise Domain -.~~~--~~~~~~~~ 
',! ' 
Figure 6.3 Decomposition of Domain Processes into Buslnesss Process and Enterprise Activities 
(Source: CIMOSA [11]) 
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Domain processes are triggered by events only; they indicate the sequence of enterprise 
activities to be executed to realise the desired enterprise behaviour. They can be seen as 
a network of activities connected by behavioural rules. Business processes are similar 
to domain processes except that they cannot be triggered by events but must be called 
by a parent structure (domain process or higher-level business process) and their 
termination must be defmed as ending statuses. 
Ending statuses are values defined by users and describe the execution status of the 
process [90]. Behavioural rules define the flow of actions which link up the business 
processes and enterprise activities. They govern the sequence of execution of enterprise 
functionality according to the system state. They could be seen as a set of conditions 
and a related actions, in the form "When (conditions) Do (action)". 
EAs define enterprise functionality. CIMOSA defines enterprise activities as a set of 
elementary actions to be considered as a whole, requiring resources and time for their 
full execution. An enterprise activity is defined as a set of functional operations. 
Functional operations represent elementary processing steps which can be executed by 
only one functional entity (i.e. resource). 
6.2.3 Modelling Approach Adopted In this Thesis 
Although CIMOSA has developed a set of constructs to describe the operation of an 
enterprise, it does not pay much attention to the graphical representation of constructs 
and does not have a firmly established notation. The diagrams used for representing the 
CIMOSA modelling framework in this work have been developed within the MS! 
Research Institute [31, 166]. The diagrams were initially developed by a number of 
researchers in the MS! and subsequently Monfared [31] has built on this previous work, 
to provide a set of four basic representational diagrams focused on the CIMOSA 
function view. The decomposition based representation forms the basis for the static 
modelling in this work. The author shall refer to this method as Monfared's Modelling 
Approach (MMA). 
Figure 6.4 shows the basic abstraction mechanisms used in MMA. The approach 
contains a set of diagramming techniques to capture the activities within an enterprise. 
The four diagrams are namely: context diagrams, interaction diagrams, structure 
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diagrams and activity diagrams. Collectively, the four diagrams provide complementary 
views of process attributes at the required level of abstraction. The diagrams could be 
used at any level within an enterprise i.e. they could capture the top level view and be 
broken down into lower level views. The activities within an enterprise are broadly 
classified into domains as domain processes (DP), business processes (BP) and 
enterprise activities (EA) (which are in conformance with CIMOSA) based on 
functional decomposition. There is a set of modelling notations (Figure 6.4) that has 
been used to represent the different processes within the enterprise, namely: activity, 
events, information, human resources, physical resources, fmance, external links, the 
flow of resources or material, flow of the process and alternate flow of process. 
~ ~ CIMOSA Domain Context ~ Non·CIMOSA Domain Diagram I Activity 
Domain Processes 
Interaction !. I Events ~ Diagram 2 ) Information c=>- Human Resource StruCture <===> Physical Resource 
Diagram Business Processes 
~ o Finance Activity 11 11 External Unks Diagram Flow of Res.IMal 
Enterprise Activities __ ·•·•· ___ ·w·. Flow of Process 
._ •.••.. _ .•••..•. Alternative Flow 
Figure 6.4 Abstraction mechanism within the Moneared approach (Source: Moneared 2002 [31)) 
Context Diagram 
The context diagrams are organised in terms of manageable modules and define the 
CIMOSA domains to be modelled. The resultant modules are called Domains. The 
modules which are of concern in a project and for which models need to be created, are 
represented graphically as CIMOSA-Domains. The domains that are not modelled are 
referred to as non-CIMOSA Domains. Domains are represented by oval-shaped bubbles. 
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The CIMOSA domains are represented by simple bubbles, while the non-CIMOSA 
domains are represented by crossed-out bubbles. A context diagram can represent 
different levels within an enterprise. A top level context diagram can be broken down to 
lower level context diagram. Consequently, the domains identified in the respective 
context diagram can be further decomposed into sub-domains and domain processes. 
Interaction Diagram 
The interaction diagram describes the interaction between the domains, domain 
processes, business processes and enterprise activites. Interactive diagrams identify, 
define, organise and represent the interactions involved. Domain processes interact with 
each other by means of events (which typically take the form of requests or triggers to 
do something) and results (defined as being views on enterprise objects). The 
interactions between domains take the form of information exchange, human resource 
exchange, physical resource exchange and events. 
Structure Diagram 
The structure diagram decomposes each domain process into atomic functional 
elements of business processes and enterprise activities. These diagrams are used to 
identify, structure and organise business processes and enterprise activities. There is no 
indication of sequence of activities. Structure diagram represents the basic structure of 
the enterprise. 
Activity Diagram 
An activity diagram shows the time sequence of business processes and enterprise 
activities. Enterprise activities, business processes and control flows are represented by 
the graphical model building blocks. At the same time, like in the interaction diagram, 
activity diagrams also show the information exchange, human resource exchange, 
physical resource exchange and events but at a more detailed, local level. 
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6.2.4 Illustrative use MMA to Enterprise Modelling 
Figure 6.5 shows a context diagram derived within this research, which consists of a 
domain "New Engine Project". This is a top-level context diagram of an overall project. 
It has many sub-domains, some of which are of modelling interest i.e. CIMOSA 
domains, and some which are not of modelling interest are shown as crossed out 
bubbles, i.e. non-CIMOSA domains. Each new engine project comprises market study, 
financial I technical assessment, financial arrangements, project management, 
engineering design, site preparation, production I assembly machines, installation and 
test, mass production and maintenance domains. Although the CBA can be expected to 
have some measure of impact in all of the domains, by far the most important within 
the context of this research are the Production I Assembly Machines, Maintenance and 
Installation and Test domains. 
MarketStlldy 
Installation and 
r .. 
Financial I Technical 
AIIwmenl 
New Engine ProJed 
Englneerina: De.lgn 
Site Prepuatloll. 
c::::> c::;a. 0 ~ 'e> ~~ ........ c::::;- I'.z .... ~l... ........, .......... 
ULoughborough COMPAG Project - Process Modelling OVerall Conlexl Diagram DnI~by. R,P.M a,OMH 
University TltIo: _ crx . Cbcd .... by. 
D.Ig U. upoWo: 
SitoMa~ 
Figure 6.5 A top level Context Diagram showing the overall project (Source: Monfared 2002 [31)) 
The top level context diagram can be broken down into lower level context diagram(s) 
as shown in Figure 6.6 where the production I assembly machine domain is shown as 
being of importance to the end users, machine builders, component suppliers and 
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technology vendors. As indicated in the diagram the research focus has been on end 
user, machine builder and component suppliers rather than technology vendor. 
Domains could be decomposed to sub-domains. When domains are decomposed to the 
level where the core processes of concern have been identified, the resultant sub-
domain is identified as the domain process. In Figure 6.6, the sub-domain 
"Production! Assembly Machines" is identified as the process of concern and is further 
decomposed into domain processes named as "End user", "Machine Builder", 
"Component Builders", and "Technology Vendor". A domain process can exist 
independently and deliver quantifiable or measurable outputs. It can be viewed as an 
independent unit of capability that when grouped together, results a valuable whole 
(105). Each DP can be decomposed to sub-domain process, such as the domain 
processes for the machine builder Cross Hillier as shown in Figure 6.7. Five sub-
domain processes have been identified within the DP i.e. marketing, production design, 
manufacturing, finance (purchasing) and sub-contracting. 
End user (DPI) 
Ford 
Production I 
Assembly Machines 
Machine Builders (DP2) 
Cross Huller 
Krause 
Lamb Technicon 
Component Suppliers (DP3) 
Parker Hannifin 
Rexroth 
Technology Vendors 
"~ C2> o.=s 'C5' -2::,..- -C5"" ,~ .. , ......... 
U~ghb:orough COMPAG Project - Process ModelUng ContexlDilgram 
UniVcnlty ThIo: -. CTX PnIIAtsy MC 
Figure 6.6 Context Diagram of Production I Assembly Machine 
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COIII .. C Diagram 
Sub-Contractina: 
(DP1.5) 
Mukellog 
(DP1.l) 
Cross HUller 
(DPl) 
Production Design 
(DPl.I) 
Finance (purchasing) 
(DP1.4) 
Manuradurlna 
(DP23) 
~ c;;t C3 ~ 'C>' K~ -c::;- ;1-
ULo~shb:orough COMPAG Project - Proc:essModelllng ConteKtDiBgram 
UruYCnlty TMIo: - crx Diag I 
Figure 6.7 Sub-domain processes within a domain process 
hip IIr. Jt.'.M .. OMH 
Silo Mop 
Domain processes influence other domains by means of events and interactions. The 
interaction among domain processes takes the form of information exchange, human 
resource exchange, physical resource exchange and events. The identification, 
organisation and representation of an interaction diagram are illustrated in Figure 6.8 
where the basic interactions between the end user (e.g. Ford), the machine builders (e.g. 
Krause, Lamb Technicon, Cross Huller) and component suppliers (e.g. Parker Hannifin, 
Rexroth) are described. The modelling notations and their meanings are described and 
explained in the diagram. The interaction diagram enables the basic interactions 
identified between the domain processes to be readily appreciated without presenting 
all of the details required for a complete analysis. 
In Figure 6.8 for example, the end user raises a request for proposal and provide 
machine specifications to the machine builder. The machine builder, based upon this 
request and the specifications, presents the production design recommendation and their 
physical proposal (including machine control drawing resources) to the end user. The 
end user also has to provide the machine builder with parts drawings and parts 
resources for evaluation purposes. In terms of human resources, the end user sends its 
witness team and acceptance team to the machine builder to monitor the operation of 
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the machine throughout the life-cycle, whilst the machine builders sends its installation 
team and training team to service the end user on site. 
Si .. ~ 
J-H=~== >--Component Suppliers Iml&llatioll Teun -DPJ M&I T_ 
.. ImtmckOll 
C::> ~ CS c:=J ~ -~ ~ CS - ........... -. C] ":'::"""" .... 1' 
U~g~ugh ICOMPAG Project - Process Modelling Intcraetion Diagram n.ipbJ: k.P""'AOMH 
Cboc1oo!b)I: ~v~ 
Figure 6.8 Interaction Diagram of domain processes (Source: Monfared 2002 (31 J) 
Domain processes represent sequences of business processes and enterprise activities 
that are carried out to realise the objectives of the domain of interest. They have defined 
inputs and outputs. According to the C!MOSA modelling approach, a domain process 
could be decomposed to elementary units, business processes and enterprise activities. 
The decomposition of the processes is based on functional decomposition principle i.e. 
it is determined by i) the process of concern, ii) the focus of the modelling and iii) the 
modelling point of view, whether the process itself is a module which is reusable [134]. 
Figure 6.9 shows the individual business processes within a sub-domain process (e.g. 
Production Design). In Figure 6.9, the business processes of "Production Design" 
includes: "Administration", "Concept Design", "Design Review", "Detailed Design", 
"Documentation", "Assembly Shop Meeting" and "Commissioning". 
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Commissioning 
(BPll7) 
Assembly Sbop Meeting 
(BPl2fi) 
AdmlnI.JtradOD 
(BP221) 
Concept DeslllD 
(BP122) 
Design Review 
(BP1l3) 
DO£umentatlon 
(Brn5) DetaUed Design (DP224) 
'0- C"a 0 c=; 'C:) ...... 2:>' -~-
"Loughborough COMP AG Project - Process Modelling Context Di.gram 1.'.JoIAOMH 
Figure 6.9 Business processes within a domain process 
_.-
.. "" 
Each domain process, business process and enterprise process has an identifier, for 
example, the machine builder Cross Hiiller is identified as DP2 (see Figure 6.7), sub-
domain process "Production Design" as DP2.2 (see Figure 6.7), the "Concept Design" 
business process within "Production Design" is identified as BP2.2.2 (see Figure 6.9) 
and enterprise activity "Initial Layout Design" within the "Concept Design" business 
process e.g. as EA2.2.2.1 (see in Figure 6.10) and so on. The inputs and outputs of a 
domain process apply to enterprise activities; enterprise activities function to transform 
inputs to outputs, whereas business processes just concatenate the activities. 
The decomposition of processes within the enterprise is represented in a structure 
diagram. A structure diagram organises domain processes, business processes and 
enterprise activities in a hierarchical manner. Figure 6.10 shows the structural 
decomposition of processes within the "Production Design" domain process of Cross 
Hiiller. The business process "Concept Design" (BP2.2.2) comprises the "Initial Layout 
Design" (EA2.2.2.1), "Station Layout" (BP2.2.2.1) and "Advanced Planning" 
(BP2.2.2.2). Further decomposition illustrates that "Station Layout" consists of "Design 
Modules", "Design ToolslHolders", "Design Heads/Spindles", "Design 
Fixtures/Clamps", "Design TransferlNets", "Design Centre Base, Wing base" and 
Page 120 
Chapter 6 Data Representation using Enterprise Modelling Method 
"Design Lubrication System". Consistency of the decomposition of each process is 
maintained by a unique identifier, placed in the top right hand corner of each rectangle. 
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The fourth and last CIMOSA diagram in MMA is the activity diagram. An activity 
diagram shows the time sequence of business processes and enterprise activities (see 
Figure 6.1 I). Each business process and enterprise activity is represented by rectangular 
boxes. The flow of process from one business process / enterprise activity to another is 
represented by chained arrow-headed line. An alternate sequence of process flow is 
represented by a dashed arrow-headed line. The flow of information, physical 
resources, human resources and events is represented by continuous arrow-head lines. 
Unlike the interaction diagram, the information, resources and events shown in the 
activity diagram are specific to the business processes and the enterprise activities. 
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In Figure 6.11, the sequence of administration and documentation activities undertaken 
by the machine builder in the production design process are illustrated. The signing of 
the contract at week 1 marks the start of the project with the sales order being the 
physical resource that triggers the activities. The Administration process (BP2.2.1) 
entails the allocation of project manager (EA2.2.1.1) and with the help of an 
engineering secretary a new project file (EA2.2.1.2) is created. Once the approval for 
the project file (EA2.2.1.3) has been obtained from the engineering manager, a line-up 
meeting (EA2.2.1.4) is called to plan and discuss the project and flesh out the basic 
concept design (BP2.2.2). Personnel (i.e. human resources) involved in the line-up 
meeting (EA2.2.1.4) include, the engineering manager, the project manager, the project 
engineers for mechanical, control and head / tools, standards engineers, machine 
designers for mechanical and electrical systems, senior designers and quality engineers. 
During this meeting, details of the sales order (i.e. the contract) are released to those 
involved in the project. Proposal drawings, customer parts drawings and the in process 
sketches are disseminated. Following the project administration the concept design 
(BP2.2.2), design review (BP2.2.3) and detailed design (BP224) of the machine are 
carried out from week 2 to week 13. The detailed design of the machine is sent for 
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documentation (BP2.2.5). Documentation covers the final approval of the mechanical 
layouts, fixtures and tooling and the function diagram which is a representation of the 
time sequence progression of the states of actuators and sensors within the machine. A 
bill of materials I stock list for the complete set of parts required for the machine is 
produced along with appropriate specification sheets. The project logbook is produced 
and all of the information registered in the print room where the information is stored 
for future reference. When the design has been registered in the print room (EA2.2.3.6), 
an assembly shop meeting (8P2.2.6) is being held. Project managers, project engineers, 
manufacturing engineers and assembly engineers will attend this meeting. The 
specification sheets, work instructions and stock lists are presented during the meeting 
and any issues addressed prior to passing the project on to Manufacturing (DP2.3). 
Collectively, the four sets of diagrams can be followed from top-to-bottom, elaborating 
the picture and the complexity of the problem space. MMA is just a diagramming 
approach, implemented using graphical tool Microsoft Powerpoint [167] and Visio 
[168], producing "static models". However, there is a need to be able to simulate 
dynamically to evaluate in the process with respect to time, cost and the response to 
input scenarios. 
6.2.5 Dynamic Modelling of Business Processes 
The set of diagrams created in the MMA has been found to provide a good way of 
representing activities, resources and processes with a view to their organisational 
structure. These diagrams present a step-by-step understanding of how ClMOSA 
concepts can be depicted and implemented in a graphical form [105]. 
One of the ways to achieve business process analysis· and optimisation is to use 
dynamic modelling (or simulation) cen~ed on computer executable business process 
models [169]. Graphical simulation packages allow the modelling of business 
processes, enterprise activities and resources and capture their interrelationships so as to 
present a representation of processes that can be optimised or undergo what-if analysis. 
On developing such a representation, data can be input to the model and simulations 
can be run. The simulations can be used as part of the analysis process and the results 
. used to indicate conditions under which a process can be operated effectively. 
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The modelling tool used in this work is iThinkTM [170]. It has a set of basic constructs 
that can be used in a compatible way to those of CIMOSA [31]. This facilitates the 
translation of the CIMOSA diagrams into the required format in iThink™. The 
simulation results from iThinkTM can be exported to external statistical applications 
(such as Microsoft Excel) which provides an opportunity to analyse and classify the 
simulation data so that it could be used for the assessment. 
iThinkTM 
iThinkTM, developed by High Performance Systems Inc, allows the developing of 
"mental models" of dynamic systems. The software was developed based on Systems 
Thinking, which seeks to identify how things interact with other constituents of the 
system (a set of elements that interact to produce behaviour) [171]. In system thinking, 
an attempt is made to look for events and patterns of behaviour, seeking the underlying 
systemic inter-relationships responsible for the patterns of behaviour and events [172]. 
The approach allows the modeller to take into account the large number of interactions 
present in complex systems. Mental models are representation in the mind of real and 
imaginary situations. Sometimes such a vision is clear if the interrelationships between 
entities are clear, however, as the relationships become complex and more factors are 
added to the picture, it becomes impossible to grasp the whole picture. This is when 
mental models become useful. They help the users to "plot" their thinking onto the 
paper and enable the whole picture to be appreciated. 
Based on the concept of system thinking and mental models, iThinkTM is a software tool 
that helps to map mental models onto formal models and helps check their exactness by 
numerating, simulating and improving them by analysis and communicating [173]. 
6.2.6 Process Modelling with iThlnkTM 
Although iThink™ is not a CIMOSA compliant tool it offers a set of general purpose 
and simple model building blocks that allow the modelling of resources and activities, 
and the resource and control flows associated with activities [170]. 
Three levels of modelling abstraction are provided: the interface level, the map/model 
level and the equation level. The interface level is the highest level, providing an 
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overview of the model structure created. The map/model level is where the actual 
model is being created, i.e. a detailed representation of the activities. The equation level 
is the lowest level, where the mathematical equations associated with the models are 
located. These three different levels facilitate top-down approach to model 
development. 
At the interface level, the main building blocks in iThink™ are the process frame, 
bundled flow and the bundled connector. The process frame allows the user to represent 
high-level processes and provides the navigation to the building blocks at the 
map/model level. An example of the process frame is shown in Figure 6.12. Four 
building blocks "Administration-Process", "Administration-Duration", 
"Administration-Information and Resources" and "Administration-Conditions" have 
been created, which allow users to determine at a glance that four sectors have been 
created in the model. Bundled connectors link the sectors and are represented by red 
tipped arrows in Figure 6.12. The bundled flow, the blue solid arrow in Figure 6.12, 
allows the representation of material flows between the sectors / processes in the model. 
I 
/ 
7 
Bundled Flow 
- represent material flows 
\ 
t 
\ Bundled connector 
- connect sectors 
Figure 6.12 The bundled connector, represented as the red arrows 
The map/model level is the level for constructing the detail within the models. At this 
level, the four main building blocks are: stock, flow, converter and connector, as shown 
in Figure 6.13. Stocks are accumulations which collect whatever flows into and out of 
them. There are different types of stocks but the default type is 'Reservoir', which is 
like a collection of undifferentiated piles of things [173]. Stocks accumulate the 
difference between inflows and outflows. A flow works like a tap, allowing inflow to 
and outflow from a stock. Each flow has an arrowhead to indicate the direction of the 
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flow. The converter converts inputs into outputs; it could be used for depicting 
anything, it holds values for constants, defines external inputs to model, calculates 
algebraic relationships and serves as the repository for graphical functions [173]. The 
connector, which is a line with a node at one end and an arrow at the other end, serves 
to connect the model elements. 
:d '!;:,:: ':i' 
Convlrtor 
Figure 6.13 The haslc building blocks in IThink™ 
One other useful construct is the sector frame, as shown in Figure 6.14. As the name 
implies, sector frames enable the creation of sectors for the grouping of functionally 
related elements in a model. In Figure 6.14, two sectors have been created for the 
"Administration" (BP2.2.1) (see Figure 6.9 and Figure 6.10, section 6.2.4 above) and 
the enterprise activities associated with the business process are grouped together using 
the sector frame. The creation of a sector frame at the model construction level will 
create a process frame at the interface level. 
dlI El) AdmInIstration· Condition. ~ 8 
I Conditions for ON I Start I End <:!I§l Admlnllt ... tion -Ouratlon ':"8 I Duration I 
I AdminIstration BP221 I I 
Allocallon 0' Project 0 Englnt.rs EA2211 
......... I~nl 
C,.ell Project Fill EA2212 r-2m 
Project Fie Approval EA2213 ~~9.211 
Lln.up metllng EA2214 0 D.,_".U. 
' .... ' ...... nu 
Figure 6.14 Sector frame In IThink 
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By using these building blocks, the static models created using the CIMOSA modelling 
approach are mapped onto iThinkTM structures and basic constructs. To facilitate this 
process and ensure a high level of consistency and correctness in the translation from 
CIMOSA, four views have been created within iThinkTM; process, information and 
resources, conditions and duration. Process is used to describe the business processes 
and the enterprise activities. Information and resources show the inputs to the 
processes; these could be information, physical resources and human resources required 
for the processes. Conditions state the causal relation between and among the processes, 
stipulating when a process could start. For example, the ending status of one process is 
the execution status of another process or a process could start when the preceding 
process has progressed for a certain period of time. The Duration is to show the 
duration of each process, how long each process last. In this work, only the business 
processes and enterprise activities have been modelled. For example, in Figure 6.9, the 
DP "Production Design" is not created in the model; rather, its lower level activities are 
modelled. This is because the lower level processes and activities define the enterprise 
functionality (i.e. the things to be done) and have the largest amount of detail, crucial 
for model simulation. 
The business processes and enterprise activities are categorised into two levels of 
processes. A process that can be further decomposed to more elementary processes is 
categorised as Level 1. A process that is already at its most elementary level is 
categorised as Level 2 processes. Figure 6.15 and Figure 6.16 show the translation of 
the business processes "Administration BP2.2.1" and one of its enterprise activities 
"Allocation of Project Engineers EA2.2.1.1" into iThink™ representations respectively. 
The basic constructs used in the models (e.g. start, running, duration, progress, end) 
will be explained in the later part of this section. 
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Administration BP221 L 1 
BP221 Done 
~L--. ---' 
sta~BP~ __ ~ - " U ""'8",1 
Running BP221 
Figure 6.15 Business process 'Administration BP221' modelled In iThlnk™ 
Allocation of Proj. Eng. EA2211 L2 
EA2211 Done 
Figure 6.16 One of the enterprise activities under "Administration BP2.2.1", "Allocation of project 
Engineers EA2.2.1.1" modelled In IThlnk™. 
The differences between the Levell process (Ll-P) and Level 2 process (L2-P) are: 
1. Ll-Ps chain the execution of activities, they do not transfonn anything. 
2. The input and output of Ll-Ps are the summation of the inputs and outputs from 
L2-Ps 
3. L2-Ps require resources and time for full execution 
4. L2-Ps have function input and function output 
5. L2-Ps have durations 
6. Ll-Ps end when their L2-Ps activities end. 
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The basic constructs adopted to represent a process are illustrated in Table 6.1. The 
"converter" has been found to be particularly useful since it can be used to represent 
resources and control the start and ending statuses of processes, as shown in Table 6.1 
and later in Figure 6.17. 
Constructs in iThinkTM Activities modelled . 
BP221 Done The stock (Le. reservoir) is used to 
D represent an accumulation of time that is required to complete a task. When a task 
is completed, the reservoir will be filled. 
The flow controls the inflow into stock. 
.~ 
FT BP221 
A converter is used to represent the start 
0 of a process. Resources that are required to start the process are connected to this 
start BP221 
converter. 
A converter is used to represent the 
0 ending of a process. The conditions that are required to end the process can be 
end BP221 
connected to the converter. 
A converter is used to represent the 
0 duration of a process. This states the duration of a task, which !s defined by the 
Duratlon EA2211 
user. 
A converter is used to represent the 
0 progress of a process. It will show the percentage of work that is completed Progress EA2211 
within the process. 
Table 6.1 Constructs that are used to represent the activities within a process 
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o 
Running BP221 
o 
feed BP221 
0 0 
Parts Draft Drawing Contract Signed 
0 0 
Project Manager Negotiate Proposar 
This is an extra construct, using a 
converter to represent that a process is in 
progress, showing the starting and ending 
of a process. The difference between this 
and 'Progress' it just shows the start and 
end of a process, but not the amount of 
work that is completed. 
This represents a summation of the 
resources that is required for an activities 
or a process. The different resources are 
connected to this converter using 
connectors. 
The converters are used to represent the 
different types of resources that are 
required. These include physical 
resources such as "Parts Draft Drawing", 
events such as "Contract Signed", human 
resources such as "Project Manager" and 
information such as "Negotiate 
Proposal". These resources are connected 
to the "Feed" converter. 
Table 6.1 (continue) Constructs that are used to represent the activities within a process 
By using the constructs described in Table 6.1 to represent the activities and resources 
within a process, models can be developed to capture how and when an activity or 
process starts, the ending status, the duration and its progress. The main information 
that has been generated using these constructs under the process view is the time 
required to complete the task (i.e. collected in 'Stock') since this is the primary 
parameter required by the stakeholders when analysing the impact of any changes to 
system designs or business processes (see section 2.2). Each of the constructs in the 
models has an identifier associated with the activities directly mapped from the 
CIMOSA representations (see section 6.2.4). 
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The physical, human and infonnation resources that are required by a BP or EA are 
defined in the "Infonnation and Resources" section. This is illustrated in Figure 6.17. 
Converters are used to represent the individual resources that are required and also to 
represent a summation of the total resources that are required as input to a process, as 
illustrated by converters named as "Feed". For example, "Feed EA2.2.1.1" will 
"contain" all the resources requirement for BP2.2.1; the resources that are required for 
EA2.2.1.1 (i.e. Feed EA2.2.1.1) are a "Sale Order Issued" and the availability of an 
engineering 'Engineering Manager'. 
BP221-EA2214 lev2 lev 1 
Sale Order Issued 
Engineering Manager 
Machine Designer Elee 
Engineering Secretary Project Manager 
Project Engineer Mech 1 
Engineering Manager Project Engineer Control 
Proposal Drawings Project Engineer Head& Tool 
CUstomer Part Drawings Machine Designer Mechan 
Sale order Details contract Senior Designer 
feed EA2214 Qual1ty Engineer 
Customer In Process Sketch 
Standard Engineer 
Figure 6.17 The Information and Resources section illustrating the inputs to EAs and BPs. The 
converter named as "Feed" is a summation of ail the resources that is required as the input to an 
EA or a BP. Note that the information and resources required for a BP is a summation of that 
required by its EAs. 
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Figure 6.18 shows the conditions which specifY the triggering and ending of BPs and 
EAs. The process "BP2.2.1" starts when it has the necessary resources (i.e. "feed 
BP2.2.1" and "Sale Order Issued" (see Figure 6.17» and "EA2.2.1.2" starts when all 
the resources are available (i.e. feed EA2.2.1.2) and 'EA2211' is in progress (i.e. 
represented by "Progress EA2.2.1.1 "). The use of the "Progress" construct allows the 
user to have the flexibility of specifying whether the process should start when the 
preceding process is totally completed (i.e. 100%) or when it is still in progress (i.e. 
starts when the preceding process is 50% completed). The ending status of an EA is 
determined by its duration, i.e. the time allocated for the activities. The BP, on the other 
hand, ends when all its EAs are completed. For example, in Figure 6.18, EA2.2.1.1, 
EA2.2.1.2, EA2.2.1.3 and EA2.2.1.4 have to be completed prior to the end of BP2.2.1. 
The triggering conditions of EAs require i) causal relations (i.e. starts when an activity 
has finished) and ii) resource inputs. The BPs are triggered by causal relations i.e. starts 
when another BP has ended. The beginning of a BP (i.e. Ll-P) will start the associated 
EAs (i.e. L2-Ps). For example, the beginning of "Administration BP2.2.1" will trigger 
the EA "Allocation of Project Manager EA2.2.1.1" (see Figure 6.18). 
Conditions for ON I Start I End 
. . 
feed EA2211 start EA2211 rogress EA2211 
end EA2211 
feed EA2212 start EA2212 Progress EA2212 
end EA2213 
feed EAl213 start EA2213 rogress EA2213 
end fAl214 
feed fA22!4 start EA2214 Progress EA2214 
Figure 6.18 Conditions which trigger the starting and ending of the process. 
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The times taken to complete the BPs and EAs are represented using a "duration" 
converter, as illustrated in Figure 6.19. The duration converter contains a value that 
depicts the amount of time allocated for the activities. The duration of a BP is the total 
time required for completing the employed EAs. 
Duration 
Administration BP221 
Allocation of Project 0 Engineers EA2211 
Du",1lM 1i'A2211 
Create Project File EA2212 0 
~raUQllllA22n 
Project File Approval EA2213 U 
I>uraUonEA.l2U 
Line--up meeting EA2214 0 
OU",Uon !A2H4 
Figure 6.19 Duration of the activities is represented using converters 
It can be seen from the above descriptions that the four views created in the dynamic 
modelling (Le. process information and resources, conditions and duration) facilitated 
the translation of the static CIMOSA diagrams to iThinkTM models. By having such a 
structure, data consistency during the translation can be maintained. In addition, a 
modular representation of processes in iThink has enabled the models to be reused 
easily. This helps to reduce the time taken and the effort required to construct an entire 
model for the enterprise. 
The main purposes of the CIMOSA and corresponding iThinkTM developments was to 
model the dynamic functionalities of the enterprise, i.e. develop a formal dynamic 
functional model of an enterprise. The model has not designed to illustrate how the 
information, human resources or physical resources are obtained, just how the resources 
support the activities and functions behind the design and implementation process of 
the automotive engine production machinery. If required in the future, information and 
resource models can be readily developed and included in the modelling activity by 
using the basic modelling constructs outlined above. However, since the focus is on 
functionality, the information, resource and organisation components of the model have 
not been developed in this work. 
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6.3 Modelling of the CCG Process 
The MMA constructs outlined above have been used to define static models of the 
processes behind the implementation of the CBA systems in the CCG projects. As 
mentioned in Chapter 4, the CCG projects identified four different environments to 
support the control, engineering, 3D modelling and Human Machine Interface (HMI) 
system functions. The CBA process model has been used to identify the processes 
involved in using the CBA approach in the CCG projects, such as how a machine 
would be configured, how a component is created and how VRML 3D models are 
created. Arguably, these processes would form only a part of an enterprise's business 
processes or activities, but as standalone items, they can be used to indicate the main 
processes involved in the development of a CBA system. There is a need to focus on 
these processes in isolation so that the industrialists can appreciate the activities that are 
involved in producing CBA machines and assess the impacts on their current way of 
working in isolation. 
The CCG project has been chosen as the domain of study i.e. the "CB system" (see 
Figure 6.20). The complexity of the project is broken down and organised into sub-
domains, as shown in Figure 6.20. The domains which are not studied within this 
research are identified as the non-CIMOSA domains, i.e. "Common Database", 
"Control Environment" and "Engineering Tool". These domains have not been studied 
because they are mainly activities undertaken to generate the tools that are expected to 
be supplied to the stakeholders i.e. they would not have to be redeveloped. Domains 
that are within the scope of study in this work are the CIMOSA domains (e.g. "Create 
Machine", "VRML 3D model", "Create Components", "HMI", "Machine Simulation" 
and "Machine Monitoring") since these are the activities that any company adopting the 
approach would have to undertake and it is important that they are understood in detail. 
This context diagram outlined in Figure 6.20 defines the scope of any CB system and 
indicates the typical functionalities. The process involved in each of the domains has 
been further defined using the structure diagram to illustrate the decomposition of 
processes within each DP. A detailed description of each of the DPs is given in 
Appendix A. A brief summary is listed below. 
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Common 
Database 
CB System 
Control 
Environment 
Engineering 
Tool 
Machine 
Monitoring 
(DP6) 
",,, ... - -,- - - --c=> c:2> CJ = I=> => -D'" '0'-- _ .. -
U~ CCG ProJeet - BuDding CB System Overall Cantcxl DilgraJII 0..; .. 1or- OM" 
Figure 6.20 The overall context diagram for creating a system 
Create Machine DP1 
~-~ , 
R!!-!L. 
A structure diagram representing the activities that are involved in the "Create 
machine" DP I (using the Process Definition Environment (PDE) software tool created 
by the CCG projects) is shown in Figure 6.22. Within this domain process, two 
business processes have been identified, namely "Machine Configuration" and "Test 
and Debug". Machine Configuration describes the processes involved in configuring a 
machine. A machine is created by first defining a system (i.e. Create System BP1.J.1) 
in the PDE, in a Machine Hierarchy window (i.e. the Demo Machine system), as shown 
in Figure 6.22. Each machine system is subsequently decomposed into sub-systems (i.e. 
Create Subsystem BPJ.1.2), which is foIlowed by defming the sub-systems either based 
on the components (i.e. Components View BP 1.1.3) or based on the modules (i.e. 
Modules View BPl.1.4), as shown in Figure 6.23. The component hierarchy indicates 
that the "Demo Machine", "Sub System A" is made up of a "Lamb Clamp" and a 
"Lamb Parts Seated Unit", each of which is composed from the list of components in 
the Component Catalogue (Figure 6.22), i.e. represented by EA "Add components 
EA1.1.3.! ". The "Lamb Clamp" is composed of a "Lamb Clamp Actuator" element 
whereas the "Lamb parts Seated Unit" is composed of four basic two state sensors and 
a "Part Seated sensor". The interlocks are added (EAl.1.3.2) to the states of the 
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components. In Figure 6.22, the interlock "Sub System A \Lamb Parts Seated 
Unit\Sensor I \State 2" is added to the "Home" state of the Lamb Clamp Actuator. The 
Module Catalogue View (see Figure 6.23) illustrates the catalogue of components that 
have a VRML representation associated with them, i.e. Add Geometrical modules 
EA1.1.4.1 (see Chapter 4 for details of the component based system architecture). The 
Machine Hierarchy module view (see Figure 6.23) indicates that the "Demo Machine", 
"Sub-System A" is composed of a "Lamb Clamp Module" and a "Lamb Fixture". The 
link point of each of the modules are selected (EAl.l.4.2) and the interlocks are added 
(EA1.1.4.3) as in the case of using "Component views". 
S_ .... Dio ID 
DPO I Create Machine 
+ BPI.I 
Machine Connauradonl 
BPI.lI 
BPI.'3 
-L CompcmcnlsViewa I 
1-+ Add compcmenlllr.AII3I. 
L+ Add InterlockllEA"J21 
R'1.I4 
-L Modulu View I 
t: Add geometricII module. (1,1'10111 Select link poinl ("'"~1 Add inrcrlocb 10 componCUis(fAlloI)) 
. --c=:> c::::z> c=:J c::::J r=::> =- ...... , .. -= 
BPI.1 
Test&Deblll I 
Bn21 
"-'I<r-;=Lo='=kS="=.='"'='~ch, I 1 8PI.1J 
--/SlIIlct tranJilioD dJ.an'" viewl 
I-' Select MacbiD. to IimlllllC1(EAI1211 
l-J S.lor:! Model ohimul.tiOll ( .. ,1111 I 
t: Lood .".cldac porIo(£AIUIII. logic ........ (Ulll1lll 
... _Ic.I .... IIlliOll(""tz,?I1 
t: Lood IIIOCI\ino pollOIOAlnl1l1 Stlntl .... tkJnl ... 'nm:) 
llPl.:13 
t: l.oId VltML machine model (&\11li1 Load partl ('Alm! SlIrt ,im\lI.lion .BAlm. 
- Dcbugain8(EA.121) 
Silo Map 
U~rough ICCGProJect - BulldlnrCBSystem SInICIure Dlapam MSI 
SIIDi •• Loo'upIaor. R_ .... clll.ltllalf 
Figure 6.21 Structure diagram for 'Create Machine I 
The activity diagram can be used to illustrate the basic activities and the resources that 
are required for "Create Machine" process (Figure 6.24). For example, for the BP 
"Machine Configuration BP 1.1 ", the human resources required are the Engineers; the 
information required for this process is machine structure, the components list and the 
machine interlocks; the physical resources input are the timing diagrams (see Chapter 
4), the PDE engineering tools and the common database. The information that is 
produced from this process would be machine, machine subsystem and machine 
modules. These form the input resources to the BP "Testing and Debug BP1.2". If the 
components and / or modules are not already available in the respective catalogues then 
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the "Create Component" (OP}) and "VRM L } 0 Model" (OP2) processes (see below 
for detail s) have to be undertaken. 
• "' ..... SI"" 
• Kr ..... c-.... 
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!l s.:r-l 
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~ ":'''; ' ....., ~~ . 
SI.el 
_., 
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Figure 6.22 Machine creation using the PO E 
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Figure 6.23 The crea tion of subsystems from the module view or the component view in the POE 
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Figure 6.24 Activity Diagram showing activities in creating machine 
Create VRML 3D Model DP2 
A structure diagram to illustrate the basic business processes and enterprise activities 
that are undertaken in creating a VRML 3D model is illustrated in Figure 6.25. There 
are six main BPs involved. The first process is to "Analyse and understand the object to 
model" (BP2.1) "in tenns of its geometry, behaviour and dynamics" and secondly to 
"Define the architecture elements" (BP2.2). The architecture elements are elements 
which fonn the basic structure (i.e. motion dynamics, state progression, conditions 
when states change, link points to indicate the physical locations where elements can be 
joined to fonn modules, view points and user interface buttons to allow the VRML 
model to be animated in response to state changes prior to configuration within the 
machine structure) for creating a VRML model. These two processes, (i.e. BP2.1 and 
BP2.2) have been identified as alternative flows (i.e. dashed arrows in Figure 6.25) 
because these processes only take place if a library of VRML modules does not exist. If 
such a library is already available, the "Create VRML 3D model" process will begin 
with "Specific Case Description" (BP2.3). This is a process that requires the engineer to 
know the specific requirements of the object to model, such as understanding the 
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mechanical parts, the moving parts and the modelling requirements in terms of the level 
of detail require, the information or data required and the user expectations of the 
above. Following this process the basic shapes are created (BP2.4). If at this stage, 
CAD (Computer Aided Design) files are already available, the shapes can be directly 
exported in VRML format, if not, the basic shapes have to be defined in CAD and 
exported to VRML 13. "Component Configuration" (BP2.5) is the process for 
populating the various elements with the capability required for the CBA. This process 
includes populating the dynamic/static elements in term of their positions / orientations 
. and kinematics (i.e. translations, rotations and movement routes), states (i.e. names, 
"'" " 
'positions, colours (if sensors», conditions (i.e. names, routes and default time taken), 
link points and vi~wpoints. When the components had been configured, they can be 
assembled (i.e. Component Assembly BP2.6) in terms of their geometrical appearance 
(i.e. floor space, selected components to be linked and link points on each component) 
and logical behaviour (i.e. behaviour when conditions and interlocks are set). 
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-+ 
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Figure 6.25 Structure diagram for creating VRML 3D model. 
J3 Note: the VRML models used in the CCG process have been structured within an object oriented 
architecture to ensure that the functionality and composability required within the CBA can be achieved 
(Vera 2004 [135]). 
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The activity diagram in Figure 6.26 shows the sequential processes involved in creating 
VRML models. In addition, the diagram also illustrates the specific information and 
resources required during the processes. For example, the customers need to provide 
information on the type of machine logic, basic geometry, orientation, kinematics 
motion, parent/child relationship and logical description of states for the process 
"Analysis and understand object to model" to proceed. The customers will also provide 
their specifications, information on the purpose of modelling (i.e. visualisation or 
mechanical analysis) and the required level of detail during the "Specific Case 
Description" BP. Physical resources such as pictures or drawings of items to be 
modelled, machine layouts, state description of machine behaviour, mechanical 
movement, moving parts behaviour (i.e. range of movement, accelerations, velocities) 
and the basic shapes of the actuators will also be provided at this stage (BP2.3). The 
duration required for the activities has not been shown on the activity diagram because 
the duration of the processes depend on i) the size of the system and ii) the level of 
details required from the model. 
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Figure 6.26 Activity diagram for VRML 3D model 
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Create Component DP3 
The structure diagram in Figure 6.27 provides a structural decomposition of the 
processes involved in creating a component (OP3). In addition to the VRML 3D model 
DP, create component is a domain process that is of concern to the component suppliers 
when implementing CBA since end users and machine builders will expect commercial 
off the shelf components to be provided by these enterprises with the required 
functionality and visualisation capabilities. Without this knowledge it would be difficult 
for component suppliers to appreciate the effort required to generate the components 
and hence determine appropriate pricing structures. It is also important for the end users 
and machine builders to appreciate this effort in order for them to appreciate the 
increased cost for the increased capability that their systems will appreciate. 
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Figure 6.27 Structure diagram for creating a component 
SilO Map 
In creating a component, the automation hardware has to be determined (BP3.1), which 
will include activities such as determining the type of hardware (EA3.1.1), the cycle 
(EA3.1.2) and the behaviour of the hardware (EA3.1.3). The control implementation 
process (i.e. Implement Control BP3.2) comprises designing (i) a standard interface 
(BP3.2.1) and Cii) proprietary code (BP3.2.7). The activities involved in designing a 
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standard interface include: i) developing state transition diagrams (EA3.2.1.l), ii) 
distribution services (EA3.2.1.2), iii) error routines (EA3.2.1.3), iv) Implement 
Operation Modes (BP3.2.2) (i.e. manual, fully automatic, semi automatic and debug), 
v) Design Electrical Interface (Inter-component connection, BP3.2.3) (i.e. cabling 
standards and design wiring diagrams), vi) Storage allocation for different type of data 
(BP3.2.4) (i.e. allocate space on processor system for interlocks, specific component 
parameters and state transition look up tables, and vii) Design Network interface 
(BP3.2.5) (i.e. identify an appropriate communication standard and identify the 
download capabilities). In designing the proprietary code, the application 
programmable interface (EA3.2.7.l) and a "look-up table" for the control interlocks 
(EA3.2.7.2) have to be defined. The internal electrical interface (BP3.2.8) has to be 
designed in terms of the wiring diagrams and specified physical inputs and outputs 
(either digital and / or analogue) for the component. Finally, the component is ready for 
fmal installation (BP3.3). During this process, the state machine is programmed 
(EA3.3.l) and testing (EA3.3.2) and debugging (EA3.3.3) are to be carried out. 
An activity diagram has been constructed to illustrate the sequential order of the 
processes involved in creating a component (see Figure 6.28). Information and 
resources specific to each process have been highlighted in the diagram. From this 
diagram, it can be seen that the human resources involved includes mechanical 
engineers (to decide upon the automation hardware, the movement profiles and the I/O 
parameters and error recovery requirements), electrical and control engineers (both 
involved throughout the remaining processes and activities). Perhaps the most time 
consuming activities are during the process of implementing operational modes 
(BP3.2.2) where all possible combinations of manual movement and the types of errors 
have to be considered. 
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Based on the structural decomposition of the processes involved in creating a 
component, an estimation of the duration of each process is tabulated as followed 
(assuming that each working day has eight hours): 
Process Duration (Days) 
Decide Automation Hardware BP3.1 0.5 
Design Standard Interface BP3.2.1 2 
Implement Operation mode BP3.2.2 0.5 
Design Electrical Interface (inter-component I 
connection) BP3 .2.3 
Storage allocation for different type of data BP3.2.4 0.5 
Design Network Interface BP3.2.5 0.5 
Design proprietary code BP3.2.7 4 
Final Installation BP3.3 2 
Total 11 
Table 6.2 Duration of the processes Involved In creating a component under the eRA 
As shown in Table 6.2, it is estimated that it would take II days to implement a CBA 
component. It should be noted that this is the duration to implement the first 
component, from the process "Decide Automation Hardware BP3.1" to "Final 
Installation BP3.3". For subsequent components, the developer would not have to go 
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through the complete process; the processes involved will be: Decide automation 
hardware BP3.1, Design Standard Interface BP3.2.1 (i.e. develop states transition 
diagram EA3.2.1.I), design electrical interface (inter-component connection) BP3.2.3 
and design proprietary code BP3.2.7. As such, the duration for developing subsequent 
components will be 6.5 days as shown in the following: 
Number of days required = (BP3.1)+(EA3.2.1.I)+(BP3.2.3)+(BP3.2.7) 
= 0.5 days + 1 day + I day+4 days 
= 6.5 days 
Therefore, the duration required to develop n number of components will be: 
Number of days required = Duration for developing I st component + 
(n-I)(Duration for developing subsequent 
components) 
= 11 days + (n-I)(6.5 days) 
For example, if there are 10 components to be developed from scratch, the duration will 
be as followed: 
Number of days required = Duration for developing I st component + 
(10 -1)(Duration for developing subsequent 
components) 
= 11 days + 9 (6.5 days) 
= I I days + 58.5 days 
= 69.5 days 
Although the development effort seems high, however, research on CBA in the 
software industry has found that developing a reusable component requires three to four 
times more resources than developing a component for particular use [174]. This is 
mainly because for components which are designed to be reused, they have to be 
sufficiently general to cover the different aspects of their usages [175]. Therefore, the 
more the components are being reused, the higher the return of investment. In the 
automotive sector, the CBA components have to be designed such that they are generic 
to be used in a wide range of applications, for example, a comporient can be used in 
different types of machine, assembly or transfer line machine. To the component 
suppliers whose main business is to develop components, the development effort will 
be justified by the sales of the components. To the machine builders who have already 
been reusing most of their machine designs, the initial investment in developing a 
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reusable component will defmitely be justified by the high reuse of previous design (i.e. 
80% of machine designs are reused) and thus the savings in the resources required. 
Create HMI DP4 
Figure 6.29 shows a structure diagram for creating a HMI. The processes involved are; 
i) understand user requirements (BP4.1) (i.e. identify the user, identify the usage, 
determine the information to display and determine the format of the visualisation), ii) 
understand operation procedure (BP4.2) (i.e. understand the architecture of the system, 
the prioritisation of information, manipulation requirements and level of manipulation 
required by each user), iii) define HMI pattern (BP4.3) (i.e. determine HMI functions, 
structuring of information, strategy for manipUlation and action, diagnostic information 
display strategy and navigation mechanisms), iv) designing HMI (BP4.4) (see below), 
v) HMI configuration (BP4.5) (see below) and vi) Test and Debug (BP4.6) (i.e. test for 
automatic operation, manual operation, diagnostic messages). The major characteristics 
about the HMI creation under the CCG project is that a template is created which 
enables the generated HMI to be consistent, having a common look and feel (see 
section 4.2.3). The creation of the template (BP4.4.1) includes i) determining the fixed 
aspects (BP4.4.2) (i.e. the layout of the screens and the core view / commonality 
between screens), ii) determining the variant aspects (BP4.4.3) (i.e. determining the 
user identification, screen colours and font types) and iii) creating the graphics 
(EA4.4.1) that are to appear on the HMI. The template is used for HMI configuration 
(BP4.5), which is the process undertaken to populate the HMI with components that 
make up the machine. This is done by using the configuration functions in the PDE 
(section 4.2.3) and involves configuration of the HMI server machine, specifying the 
display preferences for each screen (e.g. images, colour, fonts) and specifying the 
layout of the pages. The completed HMI is then subjected to testing and debugging 
(BP4.6). 
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Figure 6,29 Structure diagram for creating HMI 
The sequence of activities involved in creating a HMI and the required resources are as 
shown in the activity diagram in Figure 6,30, Infonnation from the customers is 
important at the early processes so as to understand their requirements in tenns of users 
and the operation procedures of the machine, The customers provide infonnation such 
as typical usage scenarios of the HMI, what infonnation to display and how to display it 
and the range of users of the HMI to enable an understanding of their requirements 
(BP4.1), In addition, they have to provide infonnation on the machine operation 
sequence, logic associated with the control buttons, the sequencing of screens, the 
interaction between screens, the different infonnation displays required for different 
users, the machine type and the machine architecture so that the HMI pattern can be 
defined. During the configuration of the HMI, the layout of the pages is specified and a 
configuration tool is required to configure the HMI in tenns of i) the layout, ii) the 
HTML files that comprise the different HMI screens, iii) associated style sheets, and iv) 
included VRML 3D models, As in the case of the CBA processes that create VRML 3D 
models and components, testing and debugging of the HMI is the final business process 
to be carried out. As in the case of creating the VRML 3D model, the duration for the 
HMI creation activities has not been shown in the activity diagram because it depends 
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on i) the infonnation to display, ii) the graphics, iii) the interactive element on the 
screen and iv) navigation requirement. 
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Figure 6.30 Activity diagram for creating HMI 
6.3.1 Reasons for using CIMOSA diagrams to represent CB system 
creation 
Using the CIM:OSA based diagrams to represent the processes in creating a CB system 
is extremely useful. Firstly, the models created enable the analysis of the CB system. 
They provide a clear description of the functions, processes and activities involved in 
developing a CB system. By describing the processes of how systems are created under 
this paradigm, a potential user could possibly use the model as a guide to the effort 
required and skills necessary to build a CB system. The models also present the 
resources that are required in order to develop CBA systems. CIM:OSA based models 
also can be used to enable a better management of the complexity involved in 
describing the system. The models simplify the CB system, breaking down the 
complete system into various modules (i.e. domains) so that each could be examined 
carefully. Finally, the models could potentially be used to support system design. The 
models identify the existing functions within the system and their particular 
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capabilities; they could also assist the designer to decide what other functions or 
services need to be added to the system to meet their individual requirement. 
6.4 Summary 
The CIMOSA reference architecture and its modelling constructs have been described 
in this Chapter. 
From the modelling point of view, CIMOSA offers a reference architecture and the 
particular architecture which are suitable for describing the enterprise at generic, partial 
or particular layers. The models could be derived at different phases of the life cycle, 
namely, requirement definition, design specification and implementation description. 
CIMOSA proposed the description of an enterprise from four main views, function, 
information, resource and organisation. From the function view, the main modelling 
constructs of CIMOSA are events, domain, domain process, business process, 
enterprise activity and functional operation. These constructs are the major components 
used to model the functionality and the behaviour of an enterprise. The modelling 
constructs are graphically represented in this research using a set of four diagrams, the 
context diagram, interaction diagram, structure diagram and activity diagram to capture 
the processes and activities within an enterprise. 
The iThinkTM modelling software has been used to create dynamic models of the 
CIMOSA representation in this research. Although iThink™ is not CIMOSA 
compliant, it has a set of general purpose and simple model building blocks which 
could be easily adapted to cater for the simulation of CIMOSA-based models. The 
constructs have been structured to enable a direct mapping from CIMOSA diagrams to 
iThinkTM models, to ensure consistency and enable reuse of functionality for different 
processes if required. 
Finally, the adoption of the CIMOSA modelling approach for representing the creation 
of a CB system had been discussed. This representation of the engineering processes is 
useful as it: i) provides support for analysis of the CB system, ii) promotes 
understanding of the CB system, iii) enables a better management of the complexity 
involved in describing the system and iv) potentially, can support system design. 
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Case Studies 
7.1 Introduction 
The formulation of an evaluation strategy has been considered earlier in this thesis 
(Chapter 4). Also discussed, were methods that enabled knowledge to be collected 
(Chapter 5). A modelling method has also been described to represent processes for the 
design and build of engine production machinery (Chapter 6). The application of the 
evaluation approach and modelling method to the CBA as developed in the CCG 
projects is discussed in this Chapter. 
The CBA developed under the CCG projects was implemented and tested at two 
machines at collaborators' sites. One demonstration was a transfer line machine at 
Lamb Technicon in United Kingdom and the other one was an assembly machine at 
10hann A. Krause in Germany. A bench top prototype test rig at Loughborough 
University, developed by the CCG projects for proof of concept implementation was 
also used in the evaluation research. The evaluation method was implemented in these 
three case studies and the results are presented in the following sections. 
7.2 Case Study 1: Lamb Technicon 
Lamb Technicon specialises in the design and production of dedicated and flexible 
transfer-type machine tools and integrated manufacturing systems. It is a Tier-l 
supplier to Ford Motor Company for transfer line machines. In 2003, Lamb Technicon 
merged with Cincinnati Machine to form Cincinnati Lamb. The company has several 
operations around the world, including United States, Canada, United Kingdom and 
Germany. The project collaborator for the CCG projects was the United Kingdom 
branch Lamb Technicon UK (referred to as Lamb in the rest of the Chapter). 
7.2.1 Understanding Lamb through Interviews and Analysis of 
Documents 
The project work (machine design and implementation and knowledge elicitation) at 
Lamb Technicon commenced in June 2002 and lasted for a year. Several site visits and 
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interviews were conducted with personnel (i.e. project managers, control engineer and 
mechanical engineer) from Lamb. The work commenced with site visits; during the 
visits, personnel from Lamb gave a brief introduction to their plant and general 
descriptions of the business and their roles and responsibilities. Interviews were 
arranged. The first interview was a group interviews and subsequently one-to-one 
interviews were arranged. In total, eight interviews were conducted. The interviewees 
were highly experienced and were able to provide information on the different aspects 
of the organisation and the engineering processes. Through these interviews, an overal1 
understanding of the engineering processes was obtained. However, due to limited time 
and confidentiality issues, certain aspects of the organisation were unable to be covered 
e.g. financial information and sensitive timing and operational data. 
The implementation of the CBA system on Lamb's test machines was concluded with a 
commissioning test. A control engineer from Lamb conducted the test to assess if the 
machine implemented using CBA met the industrial requirements. 
A detailed description of the machine design and build processes in Lamb is 
documented in Appendix C. A brief description is presented here. The typical period 
for the development of one transfer line is about 50-53 weeks but there is pressure to 
reduce this development time to 42 weeks. Besides designing the engine production 
machine, Lamb provides simultaneous engineering (SE) services. At Lamb Technicon 
UK, a lot of the work is sub-contracted, such as mechanical design and the building of 
parts. Lamb's Marketing and Sales department liases with the customer when 
approached for a quotation for a new engine production machine. If a contract is 
awarded, the Project Management Department, which manages projects, takes over the 
responsibility of coordinating the project. The Control Department is responsible for the 
control, hydraulic and electrical design of the machine. There is a Commissioning 
Department which takes charge of commissioning the machine. When the machine has 
been instal1ed, Lamb will perform a series of test and checks to ensure that the machine 
has met the customer's specification before taking the machine apart and shipping the 
machine to the customer site for instal1ation. The customer monitors the development 
work closely by. having meetings and sending their engineers to Lamb. At different 
stages of the project, the customer's approval is required before Lamb proceeds with 
the work. 
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7.2.2 Process Modelling 
An explanation of how the CIMOSA modelling framework has been adopted for 
representing the processes in Cross Huller (i.e. using MMA) has been given in Chapter 
6. The Cross Huller's diagrams have been used for illustration purposes only since the 
CBA Was not implemented at Cross Huller and hence did not provide a good test case 
for comparison. As a CBA machine was implemented at Lamb, it has been used as a 
case study in the evaluation research. 
The overall project domain and the areas of focus as shown in Figure 6.5 and Figure 6.6 
were the same for all the machine builders, i.e. Cross Huller, Lamb Technicon and 
Krause, since they were collaborators on the same project. However, the two diagrams 
have been included here as Figure 7.1 and Figure 7.2 for clarity. 
The overall context diagram, i.e. a breakdown of the functions within Lamb is shown in 
the context diagram in Figure 7.3. The CIMOSA domains were classified as: 
"Marketing and Sales", "Project Management", "Sub-Contracts", "Assembly", 
"Purchasing" and "Shipment and Installation". An interaction diagram, as shown in 
Figure 7.4, has been constructed to show the different information and resources 
exchange within the organisation and also with their customers. For example, in Figure 
7.4, the customer makes a request to Marketing and Sales for (i) an SE meeting, (ii) the 
generation of a proposal and (iii) the financial issues (i.e. a detailed breakdown of costs) 
involved in the project. In response, Marketing and Sales, will arrange for the SE 
meeting, put in a proposal and give a presentation of the proposal. When both parties 
are satisfied with the proposal, the contract is signed. Marketing and Sales will produce 
a document, known as the "Green Book" for internal circulation. This Green Book 
contains all the details about the deal: the machine specifications, the financial details, 
project schedules etc. The Green Book, the order specification and sale schedule are 
given to the "Project Management". 
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The structural decomposition within Lamb is shown in Figure 7.5. In the diagram the 
domain processes (DP) are further decomposed into business processes (BP) and 
enterprise activities (EA). For example, Marketing and Sales (DP3.1) comprises 
"Attending SE Meeting (EA3.1.1)", "Developing Proposal (BP3.1.1)", "Sale Order 
(EA3.1.2)", "Finance Issues (EA3.1.3)", "Prepare Greenbook (EA3.1.4)", "Load BOM 
(i.e. Bill of Materials covering the complete range of parts required for the machine) 
(EA3.1.5)" and "Lining up initial vendors / suppliers (EA3.1.6)". The activities 
involved in developing a proposal (i.e. Developing Proposal BP3.1.1) are: i) to prepare 
an initial proposal (i.e. EA3.1.1.1), ii) to provide a quotation of the project costs and 
duration (EA3.1.1.2), iii) to prepare the proposal drawings of the machine design 
(EA3.1.1.3) and iv) finally to give presentation (EA3.1.1.4) of the proposal to the 
customer. 
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At Lamb, the beginning of the Pre-Engineering phase (BP3.2.1) within the Project 
Management Domain (DP3.2) after the contract has been signed marks the start of the 
machine design and build project, as shown in the activity diagram in Figure 7.6. 
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Figure 7.6 Activity diagram (I) for Lamb 
In the diagram the time sequence of activities undertaken by Lamb from Marketing and 
Sales through to Commissioning (BP3.2.6) and finally Installation (DP3.6) are 
illustrated. The information, resources and events that are specific to each process are 
indicated. For example, Marketing and Sales has to provide Pre-Engineering with the 
sales order details, the letter of intent (i.e. letter of agreement), customer specifications, 
the Green Book, an initial list of preferred vendors, budget details and the initial BOM. 
The preparation for sub-contracting the design work takes place during pre-engineering. 
A request for proposals is sent to the sub-contractors along with the project schedule. 
At the same time, Lamb provides the customer specification, Lamb's product 
specification and a British component catalogue to the sub-contractors. The 
Engineering process (BP3.2.2) usually starts midway through the "sub-contracted" 
design process (BP3.3.l). The sub-contractors provide the detail design, final 
mechanical drawing and the draft timing diagram for Engineering. The manufacturing 
process, which is also sub-contracted (Manufacturing Sub-Contracting BP 3.3.4) starts 
near the end of the design process. Building orders have to be issued and final 
mechanical drawings and manufacturing instructions are given to the manufacturers. In 
return the manufacturers provide the build products (i.e. machines, parts, components, 
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accessories). Assembly of the complete machine (DP3.4) begins at Lamb when the 
external manufacturing work has been completed. Items that have been purchased are 
required at this stage. Following the Assembly process the machine undergoes 
extensive Commissioning activities (also referred to as "Power On" within the 
company). Tests and adjustments are carried out after Commissioning and when all the 
testing and adjustments have been completed, the machines are taken apart, packed and 
shipped to the customer's shopfloor for installation. 
The second activity diagram in Figure 7.7 focuses on the time sequences and the 
interaction between the engineering, assembly and commissioning activities. It provides 
a more "local" detailed view of the activities. For example, prior to the Final Assembly 
process, Mechanical sub-assembly and Control sub-assembly have to be completed. 
Similarly, Control software installation is followed by "Shakedown" (Le. running the 
machine without any parts), parts cut and a run capability check before the machine is 
ready for shipment. The Customer has to provide the raw parts for parts cutting and has 
to give their approval to the results of the parts cut and the capability check activities 
before the machine can be shipped. 
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The main difference between Cross Huller and Lamb is in their sub-contracting 
activities. Cross Huller has its own mechanical designing team to do the machine 
design whereas Lamb sub-contract not only the mechanical designing, but also the 
manufacturing work. Thus, in the activity diagram for Lamb (Figure 7.6), a lot of sub-
contracting activities are shown, such as issuing design orders, requests for proposals, 
requests for project schedules, issuing design orders and sub-contracting labour. It is 
apparent in this case that the adoption of the CBA by Lamb would also have a major 
impact on their sub-contractors. This will be discussed in Chapter 8. 
7.2.3 Scenario Testing 
Scenario testing has been used to assess the impact of implementing the CBA on a 
standalone transfer line machine at Lamb (illustrated in Figure 7.9 and as VRML model 
in Figure 7.1 0). Transfer line machines are commonly used in the automotive 
manufacturing sector for the machining of parts such as engine blocks, transmission 
cases or cylinder heads in high volumes [176]. In a transfer line machining system, 
several machining stations (commonly known as wingbases) and fixture mechanisms 
are lined up along a central transfer line mechanism, as shown in Figure 7.8. 
Tra .. far lne 
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3 
Figure 7.8 Schematic of a transfer line machine (Lee 2004 [71]) 
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" 
The test machine at Lamb consists of a transfer mechanism (a transfer bar) and one 
cylinder-head machining station (wingbase consisting of a clamp and a cross slide). 
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Parts are trans ferred sequentially via the transfer mechanism from one machining 
stati on into the next. When a part arri ves at the machining station, a hydraulic fi xture is 
lowered to c lamp the part. At the machining stati on, a horizonta l cross s lide is used to 
position a drill spindle and servo drive to perfo rm drilling operation on the part . The 
machine is used by Lamb to evaluate new technology prior to adoption. 
The contro l system of the test machine was implemented according to Lamb ' s 
specificati ons. Using the CBA, a total of 10 components, a VRML model and HMI 
were implemented. The demonstration of the capab ili ty was part of Ford Motor 
Company's global commonality meeting attended by Ford and all of the ir T ier I and 
Tier 2 suppliers. 
Figure 7.9 Lamb Test Machine 
Clamp 
Cross Slide 
\ 
Transfer Bar 
Figure 7. 10 VltM L model of Lamb Test MlIchi nc showing the different IllCChll ni sl11 in the mllchinc 
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7.2.3.1 System Design 
Setting: A new machine is to be designed. 
Question: How long will the new CBA system take to design the machine? 
Metric: Time 
A test was conducted to detennine the time taken for the commissioning of the test 
machine at Lamb. 
Based on the data from Lamb, the electrical design of the test machine takes 80 hours, 
control design 45 hours and commissioning 40 hours. Using CBA, ten individual 
components were implemented. These can be be categorised into eight different types, 
as shown in Table 7.1. 
Subsvstem Comoonent Type 
Transfer Subsystem Monitor console 1 
Transfer raise/lower 2 
Transfer advance/return 
Hydraulic service 3 
Air/lubrication services 4 
Fixture subsystem Clamp 5 
Part seated sensors 6 
Wingbase Monitor console 
Subsystem Head/Cross slide 7 
Servo drive 8 
Table 7.1 System decomposition for Lamb test machine (adapted from Lee 2004 (711) 
Based on the estimation in Chapter 6 on developing a component using the CBA 
(section 6.3), the total number of days that is required to develope the eight types of 
components in Lamb are as followed: 
Total component development time = Duration of 1 sI component + (8-1) 
(Duration of subsequent component) 
= Ildays + 7(6.5 days) 
= 11 days + 45.5days 
= 56.5 days (11.3 weeks) 
Assuming that there are five working days per week, implementing the eight types of 
components from scratch would take 56.5 days or 11.3 weeks. If, however, the CBA 
products are already available commercially off the shelf (COTS), the CCG project 
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implementation will take 40 hours14 for electrical design, 24 hours for control design 
and 24 hours for commissioning. Assuming an eight hours working day, Lamb would 
currently require a total of about 20 days for the control system implementation and 
commissioning, while the CBA would take 11 working days. The design and 
implementation of HMI have not been considered. 
The results of time taken under current practice, developing the components using CBA 
and the use of COTS are as tabulated in Table 7.2 and illustrated graphically in Figure 
7.11. The initial time required to develop the components is v~ry long compared to 
Lamb's current practice. However, it is important to note that Lamb's design time is a 
result of reusing previous control design with necessary modification. It is not the 
actual time required to develop the control system from scratch. Hence, Lamb's figure 
is estimated based on reuse. For the CBA, although the initial time investment is very 
high, however, it can be seen that when these components are reused, the time required 
for control design is reduced drastically, as in the case of CBA-COTS. Moreover, reuse 
of components is also associated with assured quality, improved quality and risk 
mitigation (section 2.3.3). These savings contribute to the overall time reduction which 
will be discussed in 7.2.4 of this Chapter. 
The mechanical design of the test machine has not been considered in this scenario 
because the CCG projects' main focus has been on implementing the control system. 
However the vision is that 3D representation supplied as part of each component could 
become an essential part of the mechanical design process and possibly result in similar 
time and cost savings. 
14 There are currently no specific tools developed under the CCG projects to facilitate electrical design. 
The figure has been estimated based on the assumptions that by using CBA, low level implementation of 
electrical design are already encapsulated within the component. A user will be able to use the 
component directly using the standard electrical interfaces. 
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Lamb CBA CBA % Difference 
(from (COTS) between Lamb 
scratch) &CBA(COTS) 
(based on the hours) 
Electrical Design 80 hours 40 Hours" 40 hours 
(10 days) (5 days) ( 5 days) 50% 
Control Design 45 hours 24 hours 
(5.1 days) 56.5 days (3 days) 46% 
Commissioning 40 hours 24 Hours I. 24 hours 
(5 days) (3 days) (3 days) 40% 
Total 20.1 days 64.5 days 11 days 45% 
Table 7.2 The number of hours and days that are required for machine control system 
implementation and commissioning under the current practice, CBA and CBA(COTS) 
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Figure 7.11 Graphical comparions of the current practice and CBA 
IS The time required is the same as in the case for COTS because this is the time required for the 
electrical design of the complete system. 
16 The time required for commissioning will be the same as in the case of COTS because individual 
behaviour of the components had already been tested during component development. The 
conunissioning time in this case is the time required to commission the system. 
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7.2.3.2 System Manipulation 
Setting: The system is processing a part and an unexpected error occurs. The on site 
user must now manually manipulate the system to bring it back to normal operation. 
Question: What needs to be done to bring the system back to normal operation in the 
new CBA system? 
Metric: Number of steps 
When a part is suddenly removed from the machine, an error message is raised on the 
human machine interface (HMI). The process of bringing the machine back to normal 
operation under current practice is as followed: 
I. Change the operation mode to manual mode. 
2. Check the error message on the HMI. 
3. Verify the error. 
4. If the error cannot be verified, consult the maintenance engineer. 
S. If error can be verified, return the machine to initial position and change the 
operation mode to automatic mode and restart the machine. 
This is represented graphically in Figure 7.12 using the CJM:OSA activity diagram. 
There is no difference in the steps taken to recover the machine under the current 
system and the CBA system. Six steps are required to recover the machine in both 
cases. It should be noted that these are the steps taken by an operator to recover the 
machine into a working state; the operator is only concerned with using the HMI to 
control the machine, anything beyond that has to be referred to the maintenance 
engineers. Therefore, in this scenario, it shows that the operation of the machine under 
current practice and underCBA makes no difference to an operator. In fact, it was not 
expected that there should be any differences because the ~teps to bring a machine to 
normal operation is a standard procedure. The test on machine manipulation from the 
point of view of the maintenance engineer and other engineers were not conducted. 
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Figure 7.12 CIMOSA activity diagram describing the steps taken to bring a machine back to 
normal operation when a part is removed from the machine unexpectedly. 
7.2.3.3 Modification of Design 
Setting: Assuming that a change needs to be implemented on the machine, what are the 
impact on the mechanical, control and electrical design and implementation processes? 
Question: How does the implementation ofCBAfacilitate the changes in design? 
Metric: Time 
An analysis of one of Lamb's development projects was undertaken to determine 
possible impact the CBA would have on the mechanical, control and electrical design 
processes. From the discussion with Lamb's mechanical engineers, it was found that 
majority of the changes in a project affect mechanical design. When the mechanical 
design changes the electrical wiring also has to be changed. Mechanical changes tend to 
have less impact on the control design. According to Lamb's control engineers, there is 
relatively less impact on the control design because the control structure, the control 
system (i.e. usually Programmable Logic Control (PLC)) and the HMI have been 
unaffected by the typical mechanical changes experienced in the past. 
From the discussion in Chapter 4 no CBA tools have been specifically developed for 
mechanical and electrical design. The Process Definition Environment (PDE) in the 
CCG project has the facilities for the configuration of the machine control logic. 
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Although the 3D VRML machine models could potentially be used for mechanical 
design, it has not been developed for this purpose and currently, it does not include the 
level of detail that can be provided by Computer Aided Design (CAD) drawings. 
Based on this observation, it follows that the implementation of the CBA would not 
currently have much impact on the mechanical and electrical design but would be able 
to facilitate control design. As shown in Section 7.2.3.1, control design using CBA is 
faster than the current approach. 
7.2.3.4 Process of Translation 
Setting: The machine builder has the specifications to design a new machine. The 
various engineers (e.g. mechanical, electrical, control, fluids) involved are to design 
the various parts of the machine based on these specifications. 
Question: How would the data be available and be shared amongst the engineers 
when the CBA has been implemented? 
Metric: Number of times in which translation is required. 
The process of machine design supported by Lamb, from production specification to 
the creation of a machine can be found in section 2.2.2, section 7.2.2 and in Appendix 
C. In this scenario, the current process of machine logic creation is compared with that 
supported by the CBA (Section 4.2.3). 
A simplified CIMOSA activity diagram that describes the process under current 
practice is illustrated in Figure 7.13 and the equivalent of CBA processes (i.e. the 
process for machine logic creation using the PDE) is given in Figure 7.14. 
It can be seen that under current practice (Figure 7.13), two different tools (e.g. MS 
Excel and proprietary software) have to be used for creating the timing diagram and the 
ladder logic and the documents are translated from one form to another (i.e. (i) product 
specification from words to Gantt chart style timing diagram and (ii) timing diagram). 
In the CBA case (Figure 7.14), the process of creating a timing diagram is done within 
the PDE (section 4.2.3, Figure 4.4), and subsequently, interlocks can be added to the 
timing diagrams to create the machine logic. Therefore, it can be seen that it takes four 
processes before the machine logic is created under current practice (Figure 7.13), but 
under the CBA using the PDE, it takes three processes. This is due to the fact that all 
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the work is done in one tool and no translation is required. This explains why CBA is 
faster and less error prone than the current practice. 
Prod""t Spe<tiflcllion 
Translate 
product specllkatioa "-"""""""",' 
L.!'o!."",m",;",'g"d",'". e.""m,,-.J 
Create timing diagram .................. . 
In MS Excel 
Translate 
timing diagram to 
ladder logic diagram 
ConlJol E1I8iDCCrl 
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l< Proprietary IOftware J Machine logic 
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Figure 7.13 A CIMOSA activity diagram is used to describe the process of machine logic creation 
under current practice; the lower half of the figure Is a graphical illustration of the different 
formats of documents that has been translated at different stages. 
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Figure 7.14 Description of the process of machine logic creation using the CRA, In the Process 
Definition Environment (PDE) using a CIMOSA activity diagram. 
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7.2.4 Dynamic Modelling 
The static models created for Lamb have been used as the foundation for dynamic 
modelling using the iThinkTM modelling tool (section 6.2.6). 
The dynamic model consists of four main views: the process, information and 
resources, conditions and durations (see section 6.2.6) For example the DP "Sales & 
Marketing DP3.1" represented in Figure 7.15, each of these views are represented 
within the sector frame in iThink TM at the model construction layer (see section 6.2.6) 
and are also automatically generated as the process frame at the interface level as 
shown in Figure 7.15. This facilitates navigation to the associated sector frame and the 
stock/flow structure at the model construction layer. Figure 7.16 shows an example of 
the model created for Lamb, based on the DP "Marketing and Sales DP3.1'. The full set 
of Lamb's dynamic models can be found in Appendix C. As mentioned in Chapter 6, 
iThinkTM has a set of constructs which can be used in a compatible way to CIMOSA 
and enable the CIMOSA diagrams to be translated into dynamic model in iThinkTM (see 
section 6.2.6, Table 6.1). For example from the structure diagram in Figure 7.5, the EA 
"Attending SE Meetings EA3.1.1" has been adapted as "process view" in iThinkTM, as 
shown in Figure 7.16a. The different information and resources required, i.e. "request 
for SE" and "Parts draft drawing", for this activity are illustrated in Figure 7.16b. The 
time taken to complete the EA, starting and ending conditions of the EA are adapted as 
"Duration" and "Conditions" view in the iThink™ model in Figure 7.16c. 
Based on the information determined within the Lamb case study a number of project 
milestones were identified: "Sale Order EA3.1.2", "Pre-Engineering BP3.1.2", 
"Mechanical Sub-Assembly BP3.4.1", "Commissioning BP3.2.6", "Test and 
Adjustment BP3.4.3", "Tear Down EA3.6.1" and "Shipment EA3.6.3". According to 
company data, the assembly of the machine usually starts in week 29; the 
commissioning in week 39; test and adjustment in week 43; tear down and packing in 
week 48 and shipment in week 55. The AS-IS and TO-BE project timelines were 
generated from the iThinkTM simulation of the i) Lamb processes, and ii) changes to the 
Lamb process that the CBA would impose (Table 7.3). Based on the scenario testing on 
system design (Section 7.2.3.1), the changes that CBA would impose to the Lamb 
process are time savings of: i) 50 % in electrical design, ii) 46% in control design and 
iii) 40% in commissioning. The simulated results are illustrated in Figure 7.17 and 
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Figure 7.18. In both the AS-IS and the TO-BE model , the assembly of the machine 
begins in Week 23 of the project timeline. However, commissioning is able to start 
earlier in Week 31.50 in the TO-BE model while it starts later (Week 33) in the AS-IS 
model. The CBA comm iss ioning was completed within two weeks and testing and 
adjustment was able to commence in Week 33.50. As a result, in the TO-BE model, the 
machine can be stripped down, packed and ready for shipment by week 48.60, but in 
the AS-IS case, shipment is on ly ready in Week 52. This shortening of the project 
timeline is due to savings in control design time, electrica l design time and 
commissioning time after CBA has been implemented (Section 7.2.3. 1). 
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Figure 7.15 The sector frame crealcd at the model construction level and the associated process 
frame at the interface level in the iThink™ model 
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Marketing and Sales DP3.1 - Process 
L a 
Level 1 
Oeveloping Proposals BP311 L1 
Level 2 
Attending SE Meetings EA311 1.2 Initial Proposal EAJl 11 L2 Sale order EA312 L2 Finance Issues EA313 L2 Prepare Greenbook EA31 4 L2 Load BOM EA315 L2 Lining up Initial Vendors EA3l6 L2 
GosI / ThooQuoteEAJ 112 L2 
Proposal Drawings EAJ113 L2 
Presentation EA3114 L2 
Figure 7.16a The model for "DP3.1 Marketing and Sales" in Lamb created at the model 
construction layer in iTHink 
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AS-IS Model TO-BE Model 
" 
(Week) (Week) 
Milestones 
Pre-Engineering (BP321) 1 1 
Assembly of machine 23 23 
(BP341) 
Commissioning (BP326) 33 31.50 
Test & adjustment (BP343) 37 33.50 
Tear down (EA361) 48 44.60 
Shipment (EA363) 52 48.60 
Table 7.3 TabulatIon of the actual project time line and timeline generated from the AS-IS model 
and the To-BE model 
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7.3 Case Study 2: Johann A. Krause GmbH 
Johann A. Krause GmbH specialises in the design and manufacture of assembly 
systems for the automotive industry. The company is a major Tier-l supplier to Ford. 
Krause, a division of the Thyssen-Krupp Technologies Group, employs more than 
2,300 people worldwide, with annual revenue of 400 million Euros. The company's 
headquarter is in Bremen, Germany. 
Krause is the main supplier of assembly machines as opposed to transfer line machines. 
Assembly machines are used to assemble components of cylinder heads i.e. valves, 
pistons. Similar to Lamb, Krause has commissioned a purpose built test-rig that is used 
to enable the issues associated with novel technology to be assessed prior to adoption. 
7.3.1 Understanding Krause through Interviews and Analysis of 
Documents 
The Krause test-rig was re-engineered using the CBA at Krause's headquarter in 
Bremen, Germany. The project work (implementation and knowledge elicitation) lasted 
for a year. However, due to the fact that engineers were implementing machines 
worldwide, few interviews could be conducted with relevant Krause employees. Two of 
the interviews were one-to-one interviews with a project manager. Further information 
was collected in an ad-hoc manner, via informal conversations with the operation and 
project engineers on site. 
Detailed description of the machine design and build processes employed at Krause is 
given in Appendix D. A summary of the processes is given in this Chapter. As with the 
case for Lamb, the project time-line for designing and building an assembly machine is 
about 50-52 weeks. Krause provides SE services for customers. The sales department in 
the company works with the project department in developing the project proposal. The 
sales engineers present a rough concept of how the production line would operate based 
on previous machine designs to the end user clients. 
The project starts when the proposal has been accepted. Each project is allocated to a 
team of engineers. The human resources for the project are allocated by the manager of 
each department. Most of the work, i.e. design and build, are undertaken "in-house" in 
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contrast to Lamb; sub-contracting is only carried out if Krause does not have the 
capability or the capacity for the work. 
7.3.2 Process modelling 
Process modelling of Krause's work processes was restricted because of: i) difficulty of 
obtaining time with engineers, ii) language issues, iii) reluctance to discuss any details 
of working practices, and iv) the limited time and resources that were available. A 
general model was constructed and thus although it is recognised that the model is 
incomplete, valuable time and cost estimations could still be obtained. 
As in the case for Lamb, a set of CIMOSA based diagrams have been created for 
Krause. Five domain processes (DP) had been identified as shown in Figure 7.19, 
which are "Sales and Project", "Production Design", "Purchasing and Finance", 
"Manufacturing and Assembly" and "Shipment and Installation". An interaction 
diagram (Figure 7.20) has been used to capture the interaction both internally within 
Krause and externally with its customers. For example, the customer makes requests to 
"Sales and Project" for a SE meeting and proposal generation. "Sales and Project" will 
arrange the SE meeting and present their proposal. 
The decomposition of the processes within Krause is represented in a structure diagram 
in Figure 7.21. The DP, "Project Management" comprises the Administration (BP4.2.l) 
and Engineering (BP4.2.9) business processes. Further decomposition illustrates that 
Administration consists of "Assign Project Team (EA4.2.l.l)", "Resource Allocation 
(EA4.2.1.2)", "Budget and Time Estimate (EA4.2.1.3)", "Project scheduling 
(EA4.2.1.4)", "Project presentation (EA4215)" and "Handling Customer Changes 
(BP4211 )". 
The activity diagrams in Figure 7.22 and Figure 7.23 show the time sequence of the 
project. In Figure 7.22, the sequence of processes starts from Sales and Project through 
to installation. The administration process provides information such as the bill of 
materials (BOM), project schedule, budget estimate and internal resource allocation to 
the Engineering process. At the same time, an initial purchase list will be given to 
Purchasing. Manufacturing and assembly begins near the end of the Engineering 
process. Detailed design, final mechanical drawings, draft timing diagrams and 
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prototype machines are some of the resources that are required within this process. 
Purchasing wiIl also hand the purchased items to manufacturing and assembly. The 
outputs from the process are built products such as machines, parts, components and 
accessories. Commissioning (also known as "Power On") begins after Manufacturing 
and assembly. Testing and adjustment of the machines take place during the 
commissioning period. When all the testing has been completed and adjustments have 
been made, the machines are taken apart, packed and prepared for shipment. The end of 
the testing period is also known as 'Power Off'. When the machines have been shipped, 
installation of the machines begins at the customer's production site. 
The second activity diagram in Figure 7.23 provides a more detailed description of the 
processes in Engineering and Manufacturing! Assembly. The Engineering process starts 
with mechanical engineering, through to electrical engineering, control engineering and 
finally commissioning. Prototyping takes place before Manufacturing. In the 
Manufacturing and Assembly process, mechanical installation is carried out before 
electrical installation, followed by control installation. A runoff check, which is a 
process similar to the testing and adjustment process in Lamb, is carried out and 
customer's approval has to be given before taking the machines apart for packaging and 
shipment. 
Only the higher-level activities have been represented in the process model. Further 
decomposition was not possible (for reasons see above). For example, the "Pallet 
Design BP4.2.4" BP could not be decomposed into lower level activities. At the same 
time, there is a lack of detail in the exchanges in terms of information, resources, 
documents, communications, protocols between the BPs and the EAs. The information 
was too general to enable accurate dynamic modelling. 
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7.3.3 Scenario Testing 
The Krause test machine is shown in Figure 7.24. It comprises a conveyor system, 
referred to as the transport system, and an assembly system, as shown in the 3D model 
in Figure 7.25. The transport system moves pallets into the assembly station where 
pick-and-place operations are performed on the pallet. After the operation, pallets exit 
the station and are sorted by a track diverter into two lanes. Radio frequency data tags 
(RF tags) are mounted below each pallet to carry information related to the pallet and 
result of the assembly operation. A total of 22 components were developed using the 
CBA and the control system of the test machine was implemented according to 
Krause's specifications. 
The following sub-sections will describe the two scenario testing activities conducted 
using the Krause test machine. 
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Figu re 7.24 Krause test machine 
r 
, I 
Pick & Place RobOt Uult 
pick up p&rts from the 
pallets to deposIt 
on the rack or vie. veru 
Figure 7.25 A 3D VRML model ofthe Krause test ma chine. Left: transport system which is a 
conveyo r. Right : assembly system consisting orthe pick-and-place station 
7.3.3.1 System Design 
Setting: A new machine is la be designed. 
Question: How long will Ihe new e BA syslem lake la design Ihe machine? 
Metric: Time 
In thi s scenario, the design and commissioning of the CBA contro l system for the 
Krause test mac hine was assessed in terms of the time taken for the act ivities to be 
completed . The testing was compared with the time Krause wou ld have taken to design 
and commission the contro l system on the test machine obta ined from previous project 
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documentation and interviews wi th project engmeers. Under the current system, 
designing the contro l logic for the transport system takes one and a half weeks, while 
for the assembly system, two and a half weeks are required. For commissioning, the 
transport system takes one and a half weeks to commission and the assembly system 
two and a half weeks. 
The li st of components implemented on tbe Krause test machine using the CBA is 
shown in Table 7.4. There are a total of 22 components which can be categorised into 
II types . 
System Component Type 
Transport System Power Supply Unit I 
Monitor Console 2 
Drive I 3 
Drive 2 
Drive 3 
Drive 4 
Stop I 4 
Stop 2 
Stop 3 
Diverter 5 
RFTag 6 
Assembly System Power Supply Un it 
Monitor Conso le 
Pre-stop 
Stop 
Fixing Unit 
Section monitoring 7 
RFTag 
Y-axis 8 
Z-axis 9 
Gripper 10 
Ultrasonic sensor 11 
Table 7.4 SySlem decomposition for Krause tcSl machine (adapted from Lee 20041711) 
The time requi red to implement these II types of components are as followed: 
Total component development 
time 
= Duration of I SI component + (i I- I) 
(Duration of subsequent components) 
= II days + 10(6.5 days) 
= I I days + 65 days 
= 76 days ( 15 .2 weeks) 
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Assuming that there are five working days per week, implementing the 11 components 
fro m scratch wi ll take 76 days or 15.2 weeks. If components developed based 0 11 the 
CBA are available commercia lly off the shelf (COTS), it will take two days to des ign 
the control logic for the transport system and two days for the assembl y system. 
Commissioning of the transport system lIsing the CBA will take five days and ten days 
for commissioning the assembly system. This is based on the assumption that tbe 
components were ava il able as COTS. The HMI design and implemented have not been 
included. The fi gures are summarised in Table 7.5 and represented graphically in 
Figure 7.26. 
Krause CBA CBA % Difference 
(COTS) between Krause and 
CBA (COTS) 
Software Design 4 weeks 15.2 weeks 0.8 weeks 80 % 
(20 days) (76 days) (4 days) 
Transport jystem 1.5 weeks -- 2 days 
Assembly system 2.5 weeks -- 2 days 
Commissioning 4 weeks 3 weeks 3 weeks 25% 
(20 days) (15 days) 17 (15 days) 
Transport system 1.5 weeks 5 days 5 days 
Assembly system 2.5 weeks 10days 10 days 
8 weeks 18.2 weeks 3.8 
Total (40 days) (91 days) (19 days) 52.5% 
Table 7.5 Summary of the time taken for des igning and commissioning the test machine at Krause, 
using the current practice and the CBA 
17 The lime required fo r commissioning will be the same as in the case oreOTS because individua l 
behaviour of the components had already been tested during component development. The 
cOlllm issioning li me in this case is the lime requi red to commission the system. 
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f igure 7.26 Graphica l representation of Ihe result from scenario testing on system design 
7.3.3.2 System Manipulation 
Selling: The system is processing a part and the part is removed unexpectedly . The user 
must now manually manipulate the Jystem to bring it back to normal operation. 
Ques/ioll: What needs to be done to bring the Jystem back to normal operation in/he 
new CBA system? 
Me/rie: Complexi/y 
This test was carried out from the perspective of lhe operator who has the responsibility 
to keep the machine in working order. On the Krause test machine, when a part carri ed 
on the pallet is removed, the assembly system halts because parts could not be detected. 
An error message appears on the HM I. [n nonnal operation, the operator would have to 
change the mode of the machine from automotive to manual so as to be ab le to 
manipu late actuators to recover from the error. The operator has to read the error 
message on the HM1 and attempt to rectify it. [f thi s error could be rectified, the 
operator is able to bring the machine back to a safe " initial" position, return the 
machine to automatic mode and start the machine operation. If, however, the operator 
cannot rectify the error, he would have to ca ll for the maintenance engineer. The above 
procedures are summarised in Figure 7.27. 
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Similar to Lamb, the recovery procedures under the CBA is identica l to the above 
procedures since this scenario represents a standard operati on procedure and must be 
supported by any implemented control system. 
-< IIM11 > Opc"'IOII~'-al 
1 ~'&Ch"lC E /' 
,----'-- , 
I C h ll llgt 10 m111U1I1 mode' 
I Check error mtuagH 
r Verify Errors 
I--r L-------' - -.-----, 
'-----------' L1 ,:.,." ",dry f------------! 
'---------'r~_,_______, 
Rt lurn machint-
10 initi ll l posidon 
Time Sc ule 
Figure 7.27 An activity diagram describing Ihe sleps laken 10 relurn the machine 10 norma l cycle 
after a pari has been removed from the machine un expectedly. 
7.4 Scenario Testing using Ford Test Rig 
The Ford Test Rig (see Figure 7.28) is a uni versity based test machine which is used by 
Ford fo r training its engineers on the basics of sequence logic contro l using PLC and 
ladder logic. There are five test rigs at the university that are controlled via PLC. One of 
the rigs has been modified for the CCG projects such that the PLC has been replaced by 
distributed components fo r proof of concept demonstrations. Some of the scenari o 
testing which was unable to be carried out at both Lamb Technicon and Krause sites 
have been carri ed out using the Ford Test Rig because i) it is a test bed that includes 
more complex ity in its operation than standard automoti ve production machinery and 
ii) since it is university based it is readily ava ilable for testing. 
The Ford test rig consists of a feeder actuator, transfer mechanism, li ft mechanism, li ft 
pusher, conveyor mechanism, index ing table, inspection probe, drill and component 
picker as shown in Figure 7.29. The feeder actuator pushes a part forward 10 the 
transfer mechani sm and the transfer mechanism picks up the part and depos its it onto 
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the lift mechanism. The part is lifted up to the conveyor and the lift pusher pushes the 
part onto the conveyor mechanism. The part is then transported to the indexing table. 
The indexing table carry the part to the drilling station where a drilling operation is 
performed. The part is then transferred to the inspection station. When these operations 
have been completed, the part is picked up by the component picker and deposited into 
an allocated storage bin. 
Figure 7.28 Ford Test Rig 
Inspection Probe 
Lift mechanism 
Figure 7.29 VRtVlL model of the Ford test rig showing the different mechanism on the rig 
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7.4.1 Remote Diagnostic/Maintenance 
Setting: An error has occurred at the end-user 's machine and the maintenance 
engineer needs help from the machine builder. 
Question: How does the eBA implementation support remote diagnostics/maintenance 
of the machine? 
Metric: Time 
A description of the current practice undertaken by the end user and the machine 
builder for machine diagnostics has been given in the Appendix E. Based on a detailed 
understanding of the current best practice, two user representatives were involved in the 
university based scenario testing, one representing a control engineer from the machine 
builder and the other one the maintenance engineer at the end user. The task of the 
machine builder's control engineer (Engineer) was to assist the maintenance engineer 
(User) to bring the machine back to normal operation. The remote diagnostic tools 
available to the Engineer were: i) telephone, ii) telephone and network video camera, 
Hi) telephone, network video camera and web-based HMI, the Process Definition 
Environment (PDE) and a 3D machine simulation model implemented using the Virtual 
Reality Modelling Language (VRML). Random errors were injected into the Ford test 
rig. The list of errors injected is shown in Table 7.6. 
Problem Type of errors Diagnostic tools Time 
Taken 
(minutes) 
1 Air supply cut off Phone 7:05 
2 Power supply cut off Phone 7:05 
I <.r,.,,,.',;·'.'i;;i' II.' ',;,1," \r ".'.1' 1"Yi: :\ 
. i,. '" I'i::r;:' !' "i.":'!I'·".i¥';!"! .,' . ",.t'. '!'-';:"'''' , ., ;':!.'.'·:""1. 
3 Pairs check Phone -t video 2:46 
4 Pairs check Phone + video 4:27 
5 Power supply cut off Phone + video 6:46 
IH"" "I,', '\.::'. ; "\"!,i,\:i'.!f,:i,!· il!'g;!., 1·'\'\\:~!li\\"."":'\\i'i,!·t\; ':r :.~(·~t:1i}:,\i.i' :'\\ .i, i! 'i~!.lii.i 
6 Air supply cut off Remote HMI + 3D models + 1:49 
video + PDE 
7 Parts jammed on Remote HMI + 3D model + 3:21 
conveyor video + PDE 
8 Power supply cut off Remote HMI + 3D model + 5:20 
video 
9 Pairs check 3Dmodel + PDE 3:26 
10 Network unplugged Video + 3Dmodel 4:00 
Table 7.6 TabulatIon of the type of errors Injected onto the test rIg, the diagnostic tools used and 
the time taken to diagnose each error. 
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Sub-scenario 1: Using only Telephone 
In this first sub-scenario, the Engineer diagnosed the problem on the machine just by 
using the telephone. It was found that there was a lot of conversation between the 
Engineer and the User. The User had to describe in detail what had happened on the 
machine that included the errors on the machine, the location and the position of the 
parts on the machine and the messages displayed by the HMI. The conversation was 
very much User led. The Engineer had to spend a lot of time establishing and 
understanding the problem. When instructions were given to the User to recover the 
machine, the Engineer could not visualise the progress or the effects of his 
recommendations. After the first and second error diagnostics, it became much easier 
for the Engineer to establish the problem and suggest the possible solution for the 
,: '.'~. 
problem. The average time taken to recover the machine to a working state for the three 
errors is shown in Table 7.7 and Figure 7.30 shows the graphical representation of the 
result. 
Sub-scenario 2: UsIng telephone and network video camera 
The Engineer had support from a networked video camera in this second sub-scenario. 
It was observed that there was less conversation between the Engineer and the User; the 
interactions were more tightly focused on the root cause of the problem. The Engineer 
became more pro-active and could instruct the User on what actions to take based on 
what he saw from the video images. The time taken to diagnose the errors was shorter 
(-34%) than in the first sub-scenarios (see Table 7.7 and Figure 7.30). 
Sub-scenario 3: Using telephone, network camera, remote HMI, PDE and 
3D VRML machine model. 
In the third sub-scenario, addition support was given to the Engineer via a remote HMI, 
a 3D simulation model of the machine and the PDE. In this scenario, the Engineer was 
able to determine what happened on the test rig solely from the information presented 
by the remote HMI and the video camera. With the HMI, the Engineer was able to give 
direct, clear and specific instructions to the User, and could check that these 
instructions were carried out correctly. The 3D machine model facilitated the 
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verification of the parts' positions on the machine. In this test, the time taken to solve 
the problem reduced significantly (-49%) (see Table 7.7 and Figure 7.30). 
Average time to solve Saving in terms of time 
problem (%) compared to using 
phone 
Phone 7min05sec (425 sec) 
--
Phone + Video 4min39sec (279sec) 34% 
Phone + multimedia tools 3min35sec (215sec) 49% 
Table 7.7 Average time taken to solve the problem using different diagnostics tools 
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Figure 7.30 Graphical comparison of the average time taken for machine diagnostics using 
different tools. 
7.4.2 Modification of design 
Setting: Assuming that a change needs to be implemented on the machine. what is the 
impact on the mechanical. control and electrical design and implementation processes? 
Question: How does the implementation ofCBAfacilitate the changes in design? 
Metric: Complexity 
The engineering tools developed under the CCG projects were not targeted to facilitate 
changes in mechanical and electrical design. However, the PDE coupled with the 
VRML and HMI environments have a range of functionalities to support control design 
activities. 
Two tests were conducted, one in which a change (for example the transfer mechanism 
to remain at lift mechanism) to the control design was made to one of the original Ford 
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test rigs controlled by a PLC, and the other one on the modified CBA test rig. Figure 
7.31 shows a CIMOSA activity diagram that describes the process of modifYing the 
control design using a PLC (i.e. equivalent to current practice adopted by the machine 
builders). The first step is to identify the changes required and design a solution. For 
PLC based systems modifications are implemented using ladder logic and a sequential 
function chart has to be created before writing or modifYing the code. The code is then 
downloaded onto the test rig. If an error is found, the designer has to check, modify if 
necessary the code, download the code again and run the test rig to see if the changes 
made are correct. If errors still exist, the designer has to check the sequential charts to 
see if there is an error in the chart and check/modify the code. To check if the 
modifications are correct, the code has to be downloaded onto the test rig and operated 
to determine if the sequence is correct. If there are no errors in the code in the first 
instance, seven steps (i.e. identify changes, design solution, modify sequential charts, 
modify code, download code, run test rig and no errors found) are required to complete 
the commissioning. If however an error exists, there are two possible sources: either 
within the sequential chart or in the code. If it is just one error in the code, 13 steps are 
required before completing commissioning (i.e. identify changes, design solution, 
modify sequential charts, modify code, download code, run test rig, errors found, check 
software code, errors found, check/modify code, download code, run test rig and no 
errors found); if the error is within the sequential chart, 14 steps are required (i.e. 
identify changes, design solution, modify sequential chars, modify code, download 
code, run test rig, errors found, check software code, no errors found, check/modify 
sequential chart, check/modify code, download code, run test rig and no errors found). 
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Figure 7.31 An activity diagram describing the processes of modifying the control design under 
current practice. 
The activity diagram in Figure 7.32 describes the process of modifying the control 
design under the CBA adopted by the CCG projects. As in previous example, the first 
step is to identify the changes required and design the solution. In the CBA case, the 
state machines are located within the components, sequence logic is contained in the 
interlocks. The design of the solution is followed by running a simulation of the control 
logic created. If no error exists, the interlocks can be downloaded onto the test rig. If an 
error exists, the designer has to check the interlocks, modify and run the simulation 
again before downloading the interlocks to the test rig. It took eight steps to complete 
commissioning; and if for example errors exist, ten steps are required. In addition, the 
CBA system provides visualisation tools (Le. 30 VRML machine representation) that 
can be used to aid the control engineer in diagnosing errors. In the PLC based control 
system development, the control engineers have to rely on their experience to determine 
how the control code will affect the actual operation of the machine. By using the editor 
(Le. POE), pre-download simulation can be carried out and pre-knowledge of 
component behaviour is made possible. 
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Figure 7.32 An activity diagram describing the modification of design under eBA 
7.5 Survey Result 
CommissionIng 
DODe 
Time Scale 
The questionnaire sent out to the project collaborators has been discussed in Section 
5.5. The aim was to determine quantitative and qualitative opinions on the CBA from 
technical and management personnel within the industrial collaborators. However, the 
response rate for the survey conducted was poor. This was not totally unexpected since 
only a limited number of engineers at the collaborator sites were aware of the CBA 
activities and all of these were at a senior level of technical and management capability. 
Of the ten targeted respondents, only three responded. Due to the low response rate, the 
results from the survey could not be generalised and could only be regarded as the 
individual opinion of the respondents. It was not appropriate to undertake a detailed 
statistical analysis; the results were complied manually. 
Of the three respondents, one of them is a component supplier, one machine builder and 
one end user. As mentioned in Chapter 5, the questionnaire contained five sections on 
the different features of the tools development under the CCG project: a common 
model environment, control environment (embedded control), engineering environment 
(Process Definition Environment PDE), visualisation environment (3D VRML 
Page 188 
Chapter 7 Case Studies 
modelling) and a human machine interface (HMI) environment. A summarised analysis 
of the results is given in this Chapter. The complete questionnaire responses are given 
in Appendix B. 
On the whole, the stakeholders were able to appreciate and acknowledge the advantages 
of distributed control. However, the main driver behind any adoption of the technology 
would be that distributed control technology should lead to an overall decrease in cost 
and time. The machine builders and end user do not expect this new technology to 
increase the skills requirement for control and electrical engineers. However, for the 
component supplier, the job responsibilities of both control and electrical engineers are 
expected to increase since the components have to be developed with increased control 
and hardware and software interface capabilities. 
For the design and engineering tool (Le. POE), only the end users and machine builders 
are interested in getting such a tool since it is an important tool to them, while the 
component supplier showed no interest in it. 
All of the three stakeholders believe that the 3D virtual representation and animation of 
the machine is important to mechanical and control design. They also believe that 3D 
models would be useful for SE and remote diagnostics. As for the impact of having 
such a tool, the three stakeholders were divided in opinion; the machine builder 
believed it would have no effect on cost, time, skill and human resource requirement; 
the end user believed it will lead to a reduction in cost and time; the component supplier 
felt that it will reduce the cost but has no effect on time. The main concern on having 
such a visualisation environment is cost and time required to develop the model and the 
retraining required to ensure that the tools could be used effectively. 
As for the Human Machine Interface (HMI) environment, the respondents expected that 
the web-based HMI should not affect the skill and human resource requirement. In 
terms of the cost and time required for machine building, opinions differed. The 
machine builder believed that it would have no effect; the end user believed that it 
would reduce the cost but would not affect the time required; the component supplier 
held the opposite opinion to the machine builder, Le. time will be reduced but cost will 
not change. The machine builder is more interested in having the Web-based HMI than 
the end user and the component supplier since it is the machine builder's responsibility 
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for initial HMI development and remote diagnostics for error recovery and maintenance 
which would both be aided by Web based HMI development. 
7.6 Summary 
Three case studies for the evaluation approach developed in this research have been 
discussed in this Chapter. The data collection methods, scenario testing and enterprise 
modelling approaches have been implemented in the first two industrial case studies, 
while the third case study, i.e. the university based test rig was used mainly for scenario 
testing. A summary of the results from a questionnaire survey has also been presented. 
In the two industrial case studies, descriptions of how data were collected and 
represented using the enterprise modelling approach have been given in each case. A 
set of CIMOSA diagrams has been created for each of the case studies which allows the 
comparison of the AS-IS and TO-BE approached to system development and 
maintenance. Dynamic modelling was considered in one of the case studies. The data 
collected were input to scenario testing. Not all the scenarios deemed relevant to the 
evaluation of the CBA could be tested in the two industrial case studies, which then 
called for the need to introduce the third case study to test the remaining scenarios. The 
third case study is more of a laboratory setting and the test machine used is a training 
set used by the end user for training their engineers. In the survey, response rate was 
very low. However, there was feedback from at least one of each of the stakeholders 
(i.e. end user, machine builder and component supplier). This feedback was 
summarised and analysis was given. Detailed discussion and analysis of the case 
studies and the results can be found in the next two chapters. 
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Research Result and Analysis 
8.1 Introduction 
In this Chapter, the results from the case studies are discussed. Quantitative and 
qualitative analysis is presented. Based on the analysis, observations are made on the 
perceived benefits of CBA and the issues associated with its implementation. These 
observations are discussed from four perspectives: product, process, business and 
people. 
8.2 Research Analysis 
The results of the evaluation exercises (Le. interviews, analysis of documents, scenario 
testing, survey and case studies) can be broadly classified as either quantitative or 
qualitative. 
8.2.1 Quantitative Analysis 
Based on the dynamic modelling of the AS-IS and TO-BE process models, the 
implementation of the CBA for the design and build of engine production machinery 
has the ability to reduce dramatically the project development time and hence costs 
(section 7.2.4). For example the development time could be readily reduced from 52 
weeks to about 49 weeks, Le. a savings of three weeks. A 52 weeks project would cost 
approximately £20 million18, i.e. about £380,000 per week, a saving of three weeks 
would result in a saving of £1.14 million. It would also imply that potentially, the end 
user would be able to bring forward the start of "Job I" (see section 2.2.2) and thus 
introduce the product earlier onto the market. This saving in time is primarily enabled 
by the embedding of the control and electrical systems within the components, and 
hence reducing the control and electrical engineers' time in designing these aspects of 
the system. 
In addition to the design and build advantages, the implementation of the CBA offers 
the opportunity for remote diagnostics. Although currently, machine builders already 
18 This figure is based on interviews with Lamb Technicon. 
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have the capability to download and upload PLC code from a machine remotely, they 
lack the appropriate tools to enable a complete visualisation of the machine state in 
terms of the machine logic, video footage and VRML representation of the physical 
components states prior to the occurrence of the any errors. From the evaluation 
conducted in this research, it has been found that having visualisation tools to aid in 
remote diagnostics would reduce the time taken to diagnose typical machine errors (by 
about 50%, see Section 7.4.1). This can be explained by the fact that a lot of time is 
currently spent on establishing the problem on the machine. At the moment, without the 
support of visualisation tools, diagnosis is only effective when the machine builders 
engineers are onsite, which is costly in terms of time, expenses and detrimental to other 
development projects that the engineers could be working on. In addition, the quality of 
the information given to the machine builders depend on whether the end user machine 
operators and / or maintenance engineers can provide enough detail and give a good 
description of the problem, increasingly rare considering the move towards lower 
salaries (and hence lower educated personnel) and de-skilling (i.e. multitasking) within 
certain sections of the industry. 
It has also been observed that CBA can also help to reduce the complexity involved in 
changing the control design. As shown in section 7.4.2, for PLC design, a sequential 
chart has to be designed before designing the logic code. If any errors exist in the 
control logic, it could be in the sequential chart or within the code. With CBA, the 
embedding of control behaviour within the component facilitates the creating of a 
simulation tool for control logic (see Section 4.2.3) which enables the logic to be 
verified prior to downloading to the actual machine. 
8.2.2 Qualitative Analysis 
Qualitative analysis has been made with reference to the fmdings from the scenario 
testing and the survey results. The research has illustrated that implementing CBA can 
help to reduce the process of document translation that is currently undertaken (section 
7.4.2). As discussed, the translation process is vulnerable to human errors and takes up 
unnecessary resources. An elimination of the translation process will help to improve 
work efficiency, reduce errors, and reduce cost and time. 
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The design of the control system under the CBA also benefits from the integrated 
engineering tool that has been developed to support this approach. Scenario testing 
(section 7.4.2) has shown the complication involved in error checking of the control 
design under current practice in which the control logic has to be downloaded onto the 
machine to check if the logic is correct. Under the CBA, simulation tools for verifYing 
the control design have been made available to the control engineers. This enables the 
reduction or even elimination of errors in design, and helps to reduce the burden during 
commissioning of the machine. This view is shared by all of the three stakeholders in 
the design and builds process. In the survey, all of them indicated that they felt that 
having engineering tools such as those developed for the CCG projects (i.e. PDE, HMI 
and 3D visualisation), would reduce the time and cost of commissioning. The end user 
and the machine builder, who would be the main users of the engineering tools, are 
both keen to utilise these tools within their businesses. 
The stakeholders are divided on the issue of change in skills requirements for control 
system design under the CBA. The end user felt that the CBA approach would increase 
the skills requirement for control design, the machine builders believed skills 
requirements would decrease and the component supplier felt that there would be no 
effect. This could possibly be explained by the fact that since CBA is a new technology, 
the end user felt that its engineers would have to pick up new skills; from the machine 
builder perspective, the embedded control technology would imply that there is less 
design work for the control engineers and thus less demanding work for the control 
engineers. This, however, does not imply the job responsibilities of the control 
engineers will be lower, in fact, they are expected to remain the same. The component 
supplier acknowledges that job responsibilities of control engineers would be higher 
because of the need to embed the control logic within the components, although the 
skill requirements are not expected to change. 
From the point of view of machine implementation, the CBA is able to meet the 
machine specifications and requirements of the stakeholders (Section 7.3.3.\ and 
7.3.3.2). The two test machines have been implemented according to the specifications 
of the machine builders (i.e. Lamb Technicon and 10hann A. Krause) and have passed 
detailed commissioning tests set by each of the two machine builders. The scenario 
testing has demonstrated that the steps taken to put the machine back to normal cycle 
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are the same under both current practice and CBA. Furthermore it is unlikely that the 
implementation of the CBA will affect the operation· of the machine since the input 
requirements for the machine operation are obviously the same in all cases. However, 
more detailed testing is required to assess system manipulation from the point of view 
of other users, such as maintenance engineers, control engineers and mechanical 
engineer to ensure that this is the situation in all cases. 
The research had also indicated that there is limited support for mechanical and 
electrical design and commissioning activities. At the moment, the pnrpose of the 3D 
models created in the CCG project is for simulating the machine control processes, 
enabling diagnosis of errors and supporting training or maintenance, but not to support 
mechanical design activities (such as performing mathematical calculation of forces, 
stress, pressure etc). The 3D VRML machine representation has the potential to support 
mechanical design activities, but in order to do that, the model has to be created at a 
higher level of detail and precision. With the current capability of the 3D visualisation 
environment provided under CCG project, while the end user felt that it will help to 
reduce the cost and time of machine building, the machine builder believes it will have 
no effect on the cost and time of machine building. This is because the machine builder 
felt that the 3D visualisation tools have to be integrated with their in-house tools so that 
these visualisation tools can support the control design activities. 
Based on the results of the survey, the end user and machine builder believe that the 
embedded control technology (such as CBA) would help to reduce cost and time. From 
the component supplier's point of view, however, embedded control technology will 
reduce time but not cost. This could be explained by the fact that flexibility and 
reusability are being associated strongly with the technology but the cost of producing 
the item might not be necessarily lower. In terms of the human resources required, the 
end user sees the need to increase human resources, but the machine builder and the 
component supplier do not share the end user's view. The CBA is not expected to 
change the job responsibilities of the engineers, except for the control and electrical 
engineers from the component suppliers. Their job responsibilities are likely to 
increase. In terms of the different engineering tools that have been developed to support 
CBA (i.e. POE, visualisation tool, HMI generating tool), the end user holds the opinion 
that they will help to reduce the time and cost. The machine builder and the component 
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suppliers do not see all tools helping to reduce time and cost; some tools will help to 
reduce time but not cost and vice versa. In general, the end user and the machine 
builder are keener to have the tools, but the component supplier is not so interested in 
them. This is understandable because the tools are more applicable to the machine 
builders and the end users than to the component suppliers. 
8.3 Research Observations 
Based on the evaluation studies that have been conducted, benefits and issues 
associated with the implementation of CBA in the automotive sector have been 
identified. Lessons have been drawn from the component-based software engineering 
(CBSE) development, as it is the closest example to the use of the CBA. Some of the 
benefits and issues raised in the software industry are of common concerns to the 
automotive sector. 
The potential benefits of implementing CBA have been outlined in Chapter 4. 
However, in a highly complex project such as the production machine development 
project, there are a number of companies collaborating with each other to produce the 
final product. Each of these collaborates i.e. stakeholders may have different objectives 
for the system. It is important that in discussing the issues associated with CBA, these 
issues are discussed not only from the perspectives of the individual stakeholders, 
specifying the advantages and issues associated to each stakeholder, but also from the 
different perspective of system development. 
Figure 8.1 is a summary of the issues and benefits associated with implementing CBA 
for the stakeholders. To be consistent with the component-based evaluation undertaken 
in the software engineering industry the author has adopted four viewpoints to discuss 
the different perspective of system development, which are: product, process, business 
and people (see section 2.3.5). Product views are concerned with the product i.e. the 
components and the production machines; from the component supplier's point of view, 
that is the components which are manufactured or supplied; from the machine builder's 
point of view, i.e. the production machine that has been produced and from the end 
user's point of view, i.e. the machine that has been specified. Process views are 
concerned with the working process; business view looks into the business issues and 
people issues are related to the human associated issues. 
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8.3.1 Product Issues 
From the product perspective the end user and machine builders will benefit from 
product assurance, increased agility and reduction in product cost and time. In addition 
end users will benefit from increased reusability. The component suppliers will benefit 
from being able to offer products with better functionality but they will have to develop 
the hardware and software components. There are several issues which are of concern 
to the stakeholders, namely, interoperability, support for reuse, component library, 
political issues and development of 3D models. 
Component Suppliers 
Develop Hardware and Software Component 
The component suppliers will have to provide significant changes to their products. 
0"., 
Not only will they have to supply the hardware, they will also have to supply the 
software of the components. They will have to pre-programme the basic operations 
of the components and encapsulate the functions. Thus, the job responsibilities of the 
component suppliers' control and the electrical engineers are likely to increase (see 
Appendix B). 
Products with Better Functionality 
Although the component suppliers will see an increase in their responsibilities, 
however, they will be able to add value to their products by embedding increased 
functionality into the components. Component technology increases the level of 
abstraction and more complexity could be packaged into a component framework. 
Better component diagnostics features such as component's mean time failure, 
performance data, error history could be embedded into the components which 
would, allow the user to retrieve these information readily. This information would 
be useful for the maintenance of a machine. 
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Figure 8.1. Perceived benefits from the implementation of eBA in the automotive sector with reference to the stakeholders (adapted from Brereton and Budgen 
2000 [41]). 
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End Users 
Reusability 
As discussed in Chapter 2, competition has forced the end users (Le. car 
manufacturers) to shorten the time taken to launch new products. The end users 
would like to be able to reconfigure or reuse their machine such that the machine can 
be used to produce different models of car. Theoretically, the availability of the 
component technology would enable the machine builders to reconfigure the 
existing machine to fit the requirements for new models of automotive engines. 
Common Issues 
interoperablllty 
Currently, the components from different suppliers are not interoperable. 
Traditionally, the component suppliers have been supplying proprietary solutions to 
maintain and increase their market share. However, it has been the machine builders 
and the end users hope that the components would be interoperable, which would 
enable them to have flexibility in their choice of components. Therefore, there has to 
be an agreement or common understanding in the industry to encourage 
interoperability of products. In other words, there is a need to establish an industry 
common standard for components. 
Support for Reuse 
One of the key attractions of the components is reuse. Although the machine 
builders are concerned about the life-span of components in relation to reuse, it is the 
desire of the end user to be able to reuse as much of their existing machinery as 
possible. Currently, the machine builders are already providing services for 
modification and extension of existing systems. The components suppliers need to 
identify components which are suitable for reuse, or to provide certain support to the 
machine builder for the reuse of suitable components. Theoretically, the existing 
machine could be reconfigured under the CBA to fit the production requirement for 
new models of car, however, the life span of the physical components has to be 
taken into consideration. Such reuse of components might be restricted to certain 
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hardware that does not wear out easily. There have to be incentives for all the three 
parties in order to encourage reuse (see section 2.2.3). 
Component Library 
There are two possible ways of developing a component library for the machine 
builder, either they build their own library or the component suppliers supply it. One 
of the machine builders had suggested that the end user should specify the standard 
for component libraries the component suppliers to comply with. 
Political Issues 
Feedback from the stakeholders indicates that, in general, all parties can appreciate 
the benefits of the CBA. The machine builders, in particular, are in favour of CBA 
development because it will greatly reduce their workload and development time. 
They believe that if the end user is in favour of this development, it would give the 
component suppliers the incentive to meet the demand. The end user, however, is 
very cautious in adopting new technology because any such investment is for ten or 
more years. The end user wants assurance from the machine builder and the 
component suppliers about the viability of the technology. Component suppliers 
have their own concerns; they have their proprietary solutions and any new 
technology has to be built upon their current technology in order to protect their 
market share. They insist that if the end user is willing to commit to the new 
technology, they would proceed in the development of component libraries (see 
above). As a result, deadlock has occurred in which no stakeholder is willing to take 
the first step unless they have assurance from the others. Thus, to realise the CBA in 
the automotive sector, it is important that the three stakeholders can come to an 
agreement on these issues. 
Development of 3D machine models 
From the survey results (section 7.5), the end user is concerned with the resources 
and the time required to develop the 3D models. The machine builders have 
indicated that they are not too keen on investing the extra resources to develop 3D 
machine models (see Survey results Appendix B). The component suppliers have not 
indicated whether they are willing to provide the models for the machine builders 
since they, too, would need to invest extra resources into producing the models for 
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the components. Having said this, however, the parent company of one of the 
machine builders had already started using 3D models for machine design. These 
models had been used to identify possible problems and simulate possible solutions 
[177]. Therefore, individual company will have to see the benefits to invest into the 
technology. For the sector as a whole, if there is a strong demand for the use of this 
technology, there will be supply to meet the demand. 
Machine builders and End user 
Product Assurance 
Components that are reused many times have higher quality and reliability than 
newly coded components. Through the reuse of the components, the stakeholders 
will have the assurance of the quality of the components (see section 2.3.3). 
Agility 
The reconfigurabiIity of components enables the end users and the machine builders 
to enjoy greater degree of agility. End users would like to be able to reconfigure 
their machines to produce different models of engine. Currently, this is made 
possible by planning and designing the machine such that extra stations could be 
added on or tool changes could be made to meet the change requirement. By using 
the process simulator within PDE, the machine builder could conduct tests to assess 
the feasibility of implementing new control software that is required for the new 
machine configuration. 
Reduce Cost and Time for machine design and build 
From the survey results, it has been shown that the end user and the machine builder 
believe that embedded control technology would help to reduce cost and time. It is 
not just the technology alone that is associated to this saving. The engineering tools 
that had been developed to support the technology are expected to provide similar 
benefits to the stakeholders during machine design and build although at varying 
degree of applicability. At the same time, it is likely that shorter development time 
would reduce the cost of development and thus lead to an overall reduction in 
production cost. (see Appendix B for Survey results) 
Page 200 
Chapter 8 Research Result and Analysis 
8.3.2 Process Issues 
The machine builders and the end users are the main beneficiaries from the process 
perspective. They both share some common benefits and the machine builders in 
particular will benefit from a shorter development time, less development work and a 
lower risk in development. However, the machine builder needs to consider new work 
practices and redeployment of resources. The main issue that is of concern to the 
component suppliers is increased responsibility within the machine design and 
implementation process. 
Component Supplier 
Greater responsibility 
It is foreseen that the component suppliers will play a greater role in the process of 
machine design and build. Currently, the component suppliers assist the machine 
builder in the selection of suitable components and the programming of special 
equipment such as servo drives. With the implementation of the CBA, their 
responsibilities will not only be limited to special equipment; they will also become 
responsible for the control behaviour of every individual component. It follows that 
the time reduction in the machine building process and the machine builder's 
workload are compensated by increases to the component supplier's workload and 
additional responsibilities. 
Machine Builders 
Shorter Development Time 
With the embedding of the control and electrical functions in the components, it is 
envisaged that the machine builders will be able to reduce their development time in 
these two areas. This will lead to an overall reduction in the machine development 
time as shown from the result of the dynamic modelling evaluation (see section 
7.2.4). With the availability of machine process simulation and visualisation tools, 
the machine builder will be able to simulate the machine sequences at the early 
stages of the project and any necessary rectification could be identified as early as 
possible. This will reduce the complexity of the final commissioning and the cost 
and time associated with commissioning is expected to reduce. On the whole, shorter 
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development time for the machine builder will imply that the production cost could 
be reduced. (see Appendix B for Survey Result) 
Less Development Work 
The engineering environment created to support the implementation of the CBA (i.e. 
PDE) offers the ability to create a timing diagram, and from which, the control logic 
of the machine could be defined and configured. This not only eliminates the process 
of translating the timing diagram into control logic, but also enables the configuring 
of the machine logic at the same time. The control engineer would only have to 
design the control logic to assemble the various components in the machine, instead 
of having to write the programme code for each of the devices that make up the 
machine. There will be less development work for the machine builders. 
Reduce Development Risk 
As mentioned earlier, the process of machine design and build is highly experienced 
based and there is a lot of reuse in a ''white-box'' [43) manner. As one of the 
machine builders has indicated, about 70% of their control functions are repetitive, 
however, the ability to reuse these previous work depends on whether anyone in the 
team could remember whether a similar functions had been used in previous 
projects. The component technology would enable the machine builders to reuse 
previous work systematically through the compilation of a component library. 
Reusing these components which have been proven in previous projects would 
minimise the unknowns and reduce the development risk of the machine builders. 
Redeployment of resources 
Currently, commissioning of the machine is performed by one commissioner. To be 
able to sub-commission the sub-assemblies of machines and to shorten the 
development time, machine builders need to reallocate the manpower for the tasks. 
At the same time, if the machine builders are to provide remote diagnostics services, 
they will need to re-deploy their human resources to provide 24 hour support. 
New Work Practices 
The machine builders, as mentioned earlier, would need to develop new working 
practices for the assembly of mechanical parts and commissioning. They would not 
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have to wait for the mechanical system to be fully built before they could undertake 
commissioning and they would need to organise the associated control and electrical 
design activities such that they could be on time for sub-assemblies. Ideally, the 
machine builders would be able to "select/design/implement", just like the 
component integrators in the software industry (see 2.3.5.2). They would select the 
required components, followed by designing and implementing the new machine. 
Common Issues 
Tool Support 
The new approach require new tools to support the activities. Opinions were divided 
on who should provide the engineering tools required. Some stakeholders think that 
the end user should specify an engineering environment which all the component 
suppliers would comply to; some suggested provision by a third party so that it is 
independent of suppliers; others suggested it should be provided by the control 
supplier. Nevertheless, the machine builders would like the tool to be integrated with 
their existing tools, the end user would like to have the tool available commercially 
or alternatively, partnership with suppliers; the component suppliers think that the 
tool has to have full worldwide service support. 
New Strategy for Testing 
Both the component supplier and the machine builders need to develop new 
strategies for testing. Not only do they need to ensure that the mechanical parts of 
the product are in good working order, they have to test the software as well. The 
machine builders, if they are performing sub-commissioning of sub-assembly 
systems, will need to develop suitable strategies for the purpose. They will need to 
learn how to diagnose a machine and to identify problems under the CBA. 
Machine builders and End users 
Easier Maintenance 
Maintenance is expected to be easier since with the component technology, the 
problems can be isolated and dealt with without affecting the rest of the system. Any 
malfunctioning components could be replaced easily with a new working component 
(i.e. plug-and-play). With the availability of web-based HMI and the 3D virtual 
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representation of machines, machine builders would be able to implement remote 
diagnostics for the end users. As shown in the scenario testing, the time taken to 
diagnose a problem with appropriate visualisation tools can be dramatically reduced. 
At times when it is necessary for the machine builders to go on site, their engineers 
will be able to login remotely to the machine, assess the machine and then if 
necessary go on site with more detailed knowledge of what happened on the 
machine and what the possible solutions might be. 
Visibility 
The availability of the 3D virtual representation of the machines will improve the 
visibility of the development at various stages of the lifecycle of machine design and 
build. The machine builders have expressed their interest in using the models for 
marketing and sales purposes; they will be able to produce a conceptual model of the 
machine for presentation to the end user. Based on the model, alterations and 
improvement could be made progressively. The use of the same model during SE as 
the final machine would also enable the participating engineers to visualise the 
machines that are to be built. This will help to clear up any misconceptions about the 
machine to be built. At the building phase of the machine, the model could be used 
to simulate the process and identifY potential errors/problems in the machine 
sequences. When the machine has gone into production, the model can again be used 
to support maintenance. 
Common Data Representation 
A common representation model is made possible through the use of the component 
technology. The same set of data (i.e. component data) once entered into the 
common depository, is available for use by the different users. This would ensure 
data consistency and reduces the chances of errors from translation and 
interpretation during the lifecycle of the machine (i.e. from design, build, production 
to maintenance) 
8.3.3 Business Issues 
From the business perspectives, individually, the component supplier is likely to be able 
to increase their competitiveness. Between the component suppliers and the machine 
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builders, they will be able to benefit from having new business opportunities and ability 
to increase their core competencies. The three stakeholders will be able to have a close 
working relationship. The common issues that are of concern to them are, namely, 
security, new business arrangement and sub-contracting. 
Components Suppliers 
Increase Competitiveness 
There is a greater opportunities for the component suppliers to increase their market 
competitiveness by adopting the component-based approach. They would be able to 
distinguish themselves from their competitors by improving the functionalities of 
their range of products. Various functions and diagnostic capabilities can be 
embedded into the components, such as for example mean time between failure of 
components (MTBF), performance data, error history and maintenance history. 
Common Issues 
Closer Working RelationshIp 
A closer working relationship will be formed between the three stakeholders. This 
will enable them to share information, new technologies and products, critical 
resources, new markets and core competencies, thus enhancing the competitiveness 
and improving the responsiveness of each other. 
Security 
Firstly, with the use of common data representation, i.e. sharing information through 
the common representation, the stakeholders are concerned about outside intrusion 
into their corporation network. Secondly, the potential threat of unauthorised access 
to their machines arising from remote diagnostics capabilities is a major concern to 
the end users. Such concerns require the stakeholders to address the issues and work 
out solutions that are agreeable to all parties. Possible solutions suggested from some 
of the stakeholders are: i) having separate network for machinery, and ii) restricted 
access users. 
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New business arrangement 
With the new business opportunities available to the component suppliers and the 
machine builders, there need to be new business arrangements. For example, in 
providing support for reuse, the component suppliers and the machine builders need 
to have a new agreement on how the component suppliers would support this 
service. The machine builder would also be able to negotiate a new service contract 
with the end user if they are to provide remote diagnostics support for the end user. 
Sub-Contracting 
Most of the machine builders sub-contract part of the work at various stages of the 
lifecyc1e of machine design and build. If the CBA is to be implemented, these sub-
contractors will be affected as well. For example, if the end users require that the 
machine design is to be in 3D format, the sub-contractor who does the mechanical 
design for the machine builder will need to have the same capability. Moreover, the 
engineering tools that the sub-contractors are using may not support or be 
compatible with the CBA. In this case, some translation of documents will be 
inevitable. 
Component Suppliers and Machine Builders 
New Business Opportunities 
New business opportunities are available to both the component suppliers and the 
machine builders. The component suppliers are able to offer new products with 
better functionality. For example, they might be able to market the engineering tools 
for the products and offer the availability of the 3D geometrical representation of the 
components. At the same time, they would be able to provide a component library, 
with the associated information and data of the components. With reference from the 
software industry, they could also introduce product lines [39] of components. The 
components would not be sold as standalone units, but rather as a family of related 
and interacting components. From the machine builders' perspectives, they will be 
able to offer to the end users the service for remote diagnostics. New agreements 
(such as for training, maintenance and machine servicing) could be made based upon 
on this service provision. 
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Improve Core CompetencIes 
The machine builders and the component suppliers will be able to concentrate and 
improve their core competencies. As the designer of the components, the component 
suppliers have the best knowledge about the physical build and capabilities of the 
components. As such, they would be in the best position to provide the necessary 
software for the components. The move towards component technology would 
enable the component suppliers to have a more in-depth focus on their core 
competencies. Similarly, the machine builder will thus be able to concentrate on the 
process of machine design, build and test. They will not have to worry about the 
quality of the components and focus their effort on integrating, implementing and 
servicing the machines. 
8.3.4 People 
From the people perspective, all the three stakeholders will need new training and be 
multi-skills I multi-tasks. The common benefits to the machine builders and end users 
are earlier training and improve diagnostics capability. The machine builders will 
benefit from tools with better usability and ability to reduce onsite manpower. 
Machine Builders 
Better Usability for Tools 
The machine builders have already been working with the component suppliers to 
improve the user interface of the engineering tools that the component suppliers 
provide. Feedback from the machine builders has shown that the use of a component 
catalogue and a Microsoft Windows based approach for the engineering tools is 
what they would like to have. Tools are required that are easy and convenient to use, 
such as being able to select an item from a window, drag and drop it onto the 
designed spaces. With the use of component technology, the machine builders would 
be able to create a library of the components that are used most frequently by the 
engineers. As mentioned earlier, much of the previous machine functions are 
repeated in new applications and the creation of a library for these control functions 
would help them to reuse these functions with greater ease. This library of control 
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logic can either be created by the machine builder or it can be supplied by the 
component suppliers. 
Reduce Onslte Manpower 
At the present time, the machine builders deploy their engineers when they deliver 
the machine and the engineers stay on site for a few months or up to a year to make 
sure that the machines are in good working order. With the availability of remote 
diagnostics, the engineers might be able to shorten their period of stay, and continue 
to monitor the machine by accessing it remotely. 
Common Issues 
Training and Multi-skills / Multi-tasking 
For all the three stakeholders, each would require training in designing, 
implementing and maintaining a CB system. They would need to acquire new 
knowledge and skills and understand the philosophy behind a CB system and thus 
how to design and implement the CB architectures that are suitable for reuse and 
maintenance. For the machine builders, it is likely that their engineers will have to 
be multi-skilled in order to adopt the CBA. For example, with the introduction of 
sub-assembly and sub-commissioning, the different engineers might need to have 
some mechanical, control or commissioning knowledge to enable them to perform 
the sub-commissioning. For the component suppliers, with the increasing job 
responsibilities, they will need to leam to implement the software components and 
the electrical design of the components. If they are to provide 3D models of the 
components for machine builders, they would need to be conversant in virtual reality 
modelling languages (VRML). Initially, the investment of resources will be high but 
when it has been fully assimilated into the organisation, the investment will decrease 
gradually. 
Machine builders and End user 
Earlier Start for Training 
The virtual representation of the machine can be used for training the operators. The 
machine builders can provide the end users with the machine model and the 
associated HMI so that the operators can start their basic training on the operation of 
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the new machines. This would enable end user to bring forward their date for "Job 
I" (see section 2.2.2). The machine model would also enable the end user's 
maintenance engineers to understand the operation of the machine and learn about it 
at an earlier date, rather than at the last minute when the machine has been delivered 
and installed on site. 
Improved Diagnostic Capability 
The difficulties of diagnosing errors on the machine through telephone conversations 
had been raised by the machine builders and shown in the scenario testing (see 
section 7.4.1). Often, when they send their engineers on site, the engineers do not 
have a detailed picture of what is happening on the machine. The availability of 
machine process simulation using 3D model and by making it available remotely, 
enables the machine builder to assess the problem before they go onsite. They would 
have knowledge of the problems and be ready to tackle them straight away. 
8.4 Summary 
Quantitative and qualitative analysis from the case studies have shown that the CBA 
offers several potential benefits to the stakeholders in the automotive industry but there 
are several issues associated with the implementation. These benefits and issues could 
be discussed from four different aspects: product, process, business and people. The 
different perspectives of the stakeholders have been taken into consideration in the 
above discussion. Some of the benefits and issues are of concern to all of the 
stakeholders, while certain benefits that are enjoyed by an individual stakeholder might 
be at the expense of other stakeholders. This would require the industry to come to an 
agreement on a solution that is acceptable to all parties. 
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Discussion and Conclusion 
9.1 Research Review 
The project work on implementation of Component-based approach (CBA) for 
production machinery in the automotive domain (i.e. CCG projects) at the MSI 
Research Institute, Loughborough University, has been used as the case study in this 
research. The primary objectives of the research were to i) identify the impact of the 
implementation of the CBA in the automotive domain, focusing on the business and the 
human aspects, and ii) identify and develop a suitable approach for evaluating the CBA. 
A strategy has been formulated to evaluate the impact of CBA. The strategy consists of 
evaluation planning, evaluation design, data collection methods and data analysis. The 
current evaluation design and data collection methods have been reviewed, forming the 
basis for the knowledge elicitation methods adopted for this thesis. Additionally, this 
defined the need to use different data collection methods for both quantitative and 
qualitative data. Scenario testing has been used in the research to understand the 
interaction between the user and the engineering tools developed by the CCG projects. 
A survey was carried out using a questionnaire to understand the stakeholders' view on 
the CCG projects. The evaluation strategy has also identified the need to adopt the 
formal enterprise modelling approach for data representation and analysis and 
integration with dynamic modelling to enable "what if' analysis to be performed. A 
suitable framework, consisting of four views i.e. product, process, business and people, 
from the stakeholders' perspectives has been adopted for analysing the impact of the 
CBA. 
The research has concentrated mainly on i) developing an approach to evaluate the 
CBA and ii) identifying the issues associated with its implementation. The main results 
of the case studies (Chapter 7) have been presented in Chapter 8 of this thesis. 
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9.2 Critique of Research 
This research has defined an approach for evaluating the implementation of the CBA in 
the automotive domain. The following sections will discuss the major aspects of the 
evaluation approach which includes: the approach itself, stakeholders involvement, 
knowledge elicitation and data representation. 
9.2.1 Evaluation Approach 
From the literature review (see Chapter 2 and Chapter 3), it was found that there is a 
lack of a simple and systematic approach to i) evaluate, ii) represent data formally and 
iii) illustrate the interaction of activities. This research has adopted a mixed method 
approach in which different evaluation designs (i.e. testing, survey, case studies) and 
data collection methods (interviews, analysis of documents, questionnaires and scenario 
testing) have been used. This approach has enabled the author to focus at different 
aspects of the research, i.e. testing for evaluating a system prior to actual 
implementation, survey for gathering feedback and case studies for in-depth 
understanding of the relationships, experiences or processes of a particular 
stakeholders. In addition, a formal method for data representation has been proposed in 
this research. Without formal data representation, it would not be possible to appreciate 
fully the complexity of the lifecycle of machine design and build (section 6.2.4 and 
Chapter 7) and the processes of implementing a CB approach (section 6.3). 
Although the evaluation approach has only been applied in the CCG projects, it can be 
applied in any research which requires the evaluation of the application of new 
technology within any domains, be it manufacturing production, financial or services. 
Interviews, analysis of documents, questionnaires are a set of general methods suitable 
for knowledge elicitation in any domain. The way these methods are conducted might 
be different, for example, interviews can be carried out through face-to-face interview, 
telephone or correspondence. Information elicitation requires documentation. 
Modelling enables the documented information to be represented formally and 
graphically. The model enables the abstraction of the essential information and the 
presentation in a structure that is easy to understand. 
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9.2.2 Stake holders Involvement 
This research has focused on the machine builders as they are the main player in the 
process of machine design and build. Comparatively less attention has been given to the 
end user and the component suppliers. The main attention has been on the main 
processes of the engineering aspects of machine design and build, other processes such 
as financial, purchasing, component suppliers work processes, end user's work 
processes have not been investigated in full detail. 
9.2.3 Knowledge Elicitation 
This research has adopted interviews, analysis of documents, questionnaires and 
scenario testing. From the research, it has been found that interviews and analysis of 
documents were effective in collecting data from the stakeholders. Interviews are 
effective in eliciting information directly from the stakeholders. However, it is very 
time consuming. The experience is one interview could easily take two hours and only 
cover a few topics. An alternative method for eliciting information from the 
stakeholders is through the use of questionnaires with open-ended questions (see 
section 2.4.5). The questionnaire would be sent to the interviewee, who would provide 
written answers. The advantages of using questionnaires, in this case, are that it would 
be less time-consuming, the opinions of several people could be determined using one 
questionnaire and different topics could be included. However, it does not provide the 
interviewer with the opportunity to clarify any doubts immediately and does not allow 
the interviewer to build up a good rapport with the interviewee to enable effective 
communication. Therefore, interviews are still preferred as the method to understand 
fully i) the working practices and culture, and ii) working processes of the stakeholders. 
In comparison, analysis of documents has not been as effective in understanding the 
Iifecycle of machine design and build. This is mainly because not all the machine 
builders keep detailed documentation of the activities in their organisation. In this 
research, Cross Huller was the only machine builder who was able to provide good 
documentation of their engineering processes. This has enabled a process model to be 
developed. Other machine builders, (i.e. Lamb Technicon and Krause) do not have 
similar documentation. Other documentations provided by the stakeholders include a 
list of components used in the test machines, mechanical drawings, electrical drawings 
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and a list of changes applied throughout typical project and how these changes were 
managed. In this case, the method of analysis of documents was seen as a 
supplementary data collection method to interviews. However, analysis of documents 
has been important in understanding the development of CBA i.e. the advantages, the 
drivers, enablers, in the software industry. The application of the CBA in the software 
industry is the most mature with respect to the application of the architecture and 
technology. By referencing CBA as appreciated by the software industry, the 
advantages and issues of concerns of implementing CBA in the automotive domain 
have been identified. 
Scenario testing has been most useful in assessing how a CB system would be used. 
User representatives were used in some of the tests (for reasons see section 5.4.2). 
Nevertheless, the test using user representatives (who have understanding of the work 
of actual users) has provided an important basis for assessing a "future system". A 
prototype system has to be available to carry out the test. It is necessary that observers 
are present to record the results. In cases where actual testing is unable to be carried 
out, CIMOSA activity diagrams describing the processes involved in the current 
process and the future processes have been developed. The description enables 
comparison to be made of the steps involved in carrying out the activities under the AS-
IS condition and in the TO-BE situations. However, wherever feasible, the processes 
described in the diagrams should be validated by trials or experiments. The results from 
the scenario test are only indicative of what might occur in real situations; more trials or 
experiments using an actual machines under real life production situation are required 
in order to get more detailed results. 
The survey that was conducted did not provide the intended result due to the poor 
response ratio, but was able to return with valuable feedback from the stakeholder. The 
comments from the end user and the component supplier were especially valuable 
(Chapter 7 and Appendix B) considering that much of the attention had been on the 
machine builders. With hindsight, it would probably have been better if the survey was 
conducted before the scenario testing. This would have enabled feedback from the 
survey to be incorporated in the testing. 
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9.2.4 Data Representation 
By using enterprise modelling methods, the large amount of data. elicited form the 
stakeholders was organised and represented graphically. Although flow charts could 
have been used for representing processes, however, the resources required and the 
interactions involved in the processes could not have been fully captured. There is a 
lack of graphical constructs in flow charts for representing information, events and 
resources. Static models of the current lifecyc1e of machine design and build have been 
developed using a CIMOSA based modelling approach developed in the MSI Research 
Institute of Loughborough University (i.e. MMA). The MMA provided a set of 
constructs that enables the representation of the interaction of the different business 
processes, activities, resources and information within the enterprise. The approach 
concentrates mainly on capturing the functional aspects of the enterprise; it has limited 
coverage on modelling the information, resources and the organisation aspects of the 
enterprise. However, the focus of this research is on functionality, i.e. understanding 
how the resources support the activities and functions behind the design and 
implementation process of the automotive engine production machinery. The set of 
modelling diagrams has provided the essential constructs for describing the processes, 
activities, and resources within the enterprise. In some cases, however, documentations 
is still necessary to supplement the static models, for example, documentation is 
required to describe the knowledge and skill requirement of the stakeholders. 
The MMA has also been used for describing the major processes involved in 
developing a CB system. Using the model, potential users will be able to appreciate the 
development effort involved. 
9.3 Research Achievement and Weakness 
The research achievements, the contributions to knowledge and the weakness in this 
research will be discussed in the following sections. 
9.3.1 Research Achievements 
The main achievements of this research work are tabulated in Table 9.1. The 
achievements that have added to the body of knowledge in the field are as follows: 
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• The identification of a mixed method approach for evaluating the CBA. 
Methods have been defined for i) understanding the associated domains of 
interests, ii) assessing future implementation, iii) representing data and iv) data 
analysis. This approach can be used to help future researchers and practitioners 
to determine the impact of implementing new technology. 
• The adoption of scenario testing and development of a set of scenarios and 
associated metrics which are suitable for assessing the interactions between 
users and the future systems to be implemented. 
• The adoption of an enterprise modelling approach for data representati~n and 
analysis. This has enabled the complexity of the lifecyc\e of machine design and 
build, the interactions between stakeholders and the resources requirements to 
be represented graphically. 
• The development of a structure for dynamic modelling to maintain data 
consistency during the translation of the static models to dynamic model. A 
modular representation has been developed to facilitate the reuse of the models. 
Dynamic modelling has enabled 'what-if analysis to be carried out. 
• The adoption of the enterprise modelling methods for representing the main 
processes involved in the development of a CBA system. This has enabled the 
functional benefits of innovations, new technical architectures and approaches 
to be appreciated readily, which i) provides support for analysis of the CB 
system, ii) promotes understanding of the CB system, iii) enables a better 
management of the complexity involved in describing the system and iv) 
supports system design. 
• The evaluation of lifecyc\e view of the machine design and build process to 
assess the impact of adopting CBA in the automotive sector. This enables the 
stakeholders to appreciate the impact CBA would have from design, build, 
testing to maintenance. 
• The adoption of a framework which enable the discussion of the impact of 
implementing CBA from different stakeholders' perspectives and different 
system development perspectives. The framework has four viewpoints: product, 
process, business and people, and is viewed from the component supplier, 
machine builder and end user's perspectives. 
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• The identification of issues which are of concerned and perceived benefits 
which will be enjoyed by the stakeholders, component suppliers, machine 
builders and end users. The discussion helps to bring attention to the disparate 
perspectives on CBA development, particularly on the business and human 
aspects. It is hope that through the identification of these issues, bottlenecks that 
are likely to occur as CBA progresses could be prevented. 
9.3.2 Contribution of Knowledge 
The contribution of knowledge from this thesis are summarised as followed: 
• Detailed understanding of the activities, requirements, issues of concerns in the 
lifecycle of machine design and build in the automotive sector 
• The definition of a set of evaluation methods which is simple and systematic for 
evaluating new technology 
• The application of enterprise modelling methods to supplement classical 
evaluation methods for data representation and analysis, which reduces 
complexity, rationalises and secures information flows 
• The formulation of a modular structure for dynamic modelling which is reusable 
and maintains data consistency between the static model and dynamic model. 
• The application of enterprise modelling technique to represent the development 
of a system so as to improve clarity and understanding 
• The identification of the benefits and issues of concerns that a CB based control 
system will bring to the different stakeholders in the automotive industry. 
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9.3.3 Research Weakness 
The weaknesses of this research may prove to be: 
o Different combinations of data collection methods in the evaluation approach 
has not been investigated due to the size and scope of the research. In addition, 
the approach has only been tested in the automotive domain. Testing in other 
domains would help to validate its effectiveness. 
o CBA has not been implemented in a real life production machinery to allow 
direct comparison with current systems. Although the CBA has been 
implemented successfully on the industrial collaborator's prototype machine 
and assessed by the collaborators, it has not been subjected to actual production 
activities. This inevitably restricted the ability to collect real life production data 
to confirm CBA's practicality. 
o The use of representatives instead of the actual users. Although user 
representatives are sufficient for testing, the industrial players will be able to 
provide invaluable feedback and information from the industry's perspectives 
on how the system is being used, and how a future system could affect them. 
o The survey sample size was small due to the small number of stakeholders who 
are aware of the project which inevitably lead to a low response rate. 
9.4 Recommended Future Works 
There are two areas recommended for future work, one from the evaluation perspective 
and the other from enterprise perspective. 
The evaluation approach developed in this research can be applied to other research 
work. This will enable the analysis of the effectiveness of the approach. This research 
has outlined the steps required to designing, planning and conducting the evaluation. 
There maybe changes to the data collection methods used but the process of carrying 
out the evaluation is expected to be the same. 
From the enterprise perspectives, there are three aspects in an enterprise: strategic, 
tactical and operational [105]. Strategic refers to the identification of objectives and 
plans of the enterprise; tactical aspect addresses the means of realising defined goals of 
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the organisation; operational aspects constitutes the set of activities that is being carried 
out to realise the goals by actually utilising the capabilities, methods and techniques 
developed in the tactical aspect. To implement CBA successfully in the organisation, 
strategic planning is required. The switch from current practice to CBA will be a long 
term investment and it requires comprehensive planning to ensure technical, 
manufacturing and business success [178]. Strategic planning requires a long term 
comprehensive view of both business and technology issues [130]. Organisation 
structure needs to be reviewed and process risk need to be assessed. The plan will 
provide a top down view of the vision and direction for the organisation, identifYing the 
different phases of changes the organisation has to undergo, review the capability of the 
organisation and the financial investment requirement. 
At the tactical level, enterprise implementing CBA has to look into the organisation 
changes that are required. Companies need to re-think how their inter and intra-
organisation processes will be impacted as a result of CBA investment. These 
organisational changes would include changes to organisation culture, structure and 
processes. hnportant issues to the organisation would be how to maintain employee's 
morale, psychological effect of changes to employee, internal political, effective 
communication of changes, acceptance to changes etc; these issues need to be studied 
carefully so as to introduce changes to the organisation smoothly [179]. 
Investigation is required to establish a new performance measurement systems for the 
CBA. A set of criteria is required to measure the performance of CBA such as rate of 
maintenance, failure rate and errors diagnostic capability. This set of metrics should 
ideally include the tangible and intangible benefits of CBA. This would enable the 
organisation to assess its own competitive position and to check on the accomplishment 
of the organisation'S objects or goals [180]. 
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To use 
evaluating the implementation of 
CBA in automotive domain 
develop a strategy evaluating 
CBA 
To identify methods for evaluation 
To a suitable 
testing future implementation 
Table 9.1 Research Achievements 
understanding the implementation of CBA in the 
developed consisting of evaluation design, data 
collection methods and data analysis. 
A mixed method approach has been adopted; the The survey has not been able to gather 
evaluation design is based on the use of case studies, feedback from all the targeted 
testing and survey. Data collection methods identified stakeholders 
include of interviews, analysis of documents, 
scenario testing and questionnaire (i.e. survey). 
Scenario testing has been adopted and is for 
assessing the interactions between the users and a 
future system. A set of metrics has been identified in 
each of the scenarios. 
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To use enterprise modelling method 
for data representation and analysis 
A CIMOSA based modelling approach has been used The effect of changes in cost was not fully 
for capturing and representing the data collected. The simulated through dynamic modelling due 
static model created formed the basis for dynamic 
modelling. 
A structure for dynamic modelling has been 
established to ensure data consistency between the 
static model and dynamic model. The structure is 
modular and enables the reuse of the model. 
The dynamic modelling proof to be useful in carrying 
out "what-if' analysis especially with regards to time 
resources. 
To use the CIMOSA based modelling approach to 
identify the processes involved in developing a CB 
system. 
to the unavailability of the data. 
Table 9.1 Research Achievements (continue from previous page) 
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Chapter 9 Analysis and Conclusion 
implementing CBA with respect design and build process to assess the impact of 
to stakeholders 
9.1 Research 
adopting CBA in the automotive sector, enabling the 
stakeholders to appreciate the impact CBA would 
have from design, build, testing to maintenance. 
A suitable framework consisting of product, process, 
business and people has been adopted and used in 
this research for discussing the impact of 
implementing CBA. The framework has been used 
for discussing the benefits and the issues concerned. 
A set of and issues to the component 
suppliers with the implementation of CBA has been 
identified and discussed. 
(continue 
Page 221 
The work process and the 
within the component supplier need to be 
studied in order to fully understand and 
verifY the impact CBA implementation. 
Chapter 9 Analysis and Conclusion 
A good understanding of the work process of the Detailed infonnation for the assembly line 
machine builders, especially in transfer line, had been machine builder has not been available to 
achieved and benefits and issues concerned to the facilitate dynamic modelling. 
machine builders were identified. A set of scenario 
testing was conducted with the machine builders; 
both static and dynamic modelling were carried out. 
Comparison of the AS-IS and TO-BE process has 
been made. 
The requirements of the end users were considered 
for scenario testing. 
A set of benefits and issues related to the end users 
with the implementation of CBA has been identified 
and discussed. 
It will be necessary to capture the work 
processes within the end user and would 
be helpful if tests could be conducted with 
the end user to fully appreciate the impact 
CBA would bring to them. 
Table 9.1 Research Achievements (continue from previous page) 
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Appendix A 
CIMOSA 
Projects 
Modelling Diagrams for CCG 
CIMOSA modelling diagrams were drawn to represent the activities for creating a 
Component Based system under the CCG projects. These diagrams explain the 
processes and the resources involved; for the technical details, readers are to refer to the 
references: Lee [71] for details on the system architecture and component architecture, 
Vera [135, 141] for VRML model creation and Melior [137] for HMI creation. 
The domain is identified as the CB system as shown in Figure A.2. Six CIMOSA 
domains had been identified as the DP; they are 'Create machine DPl', 'VRML 3D 
Model DP2', 'Create Component DP3', 'HMI DP4', 'Machine Simulation DPS', 
'Machine Monitoring DP6'. The order of these DPs is not in sequential order. The 
processes are independent of each other but there are interactions among the DPs. The 
other three non-CIMOSA domains are: 'Common Database', 'Control Environment' 
and 'Process Definition Environment'. 
Create Machine 
Figure A.3 shows the structure diagram for 'Create Machine DPl'. Two BPs have been 
identified: "Machine ConfigurationBPl.l" and 'Test and Debug 1.11'. 'Machine 
Configuration' describes the processes of creating a machine using the engineering tool, 
known as the Process Defmition Environment (PDE) developed under the CCG 
projects. The machine creation starts with creating a system in a Tree Hierarchy 
diagram. The next level of the system is the subsystem. The subsystem could be 
populated using two views, the component views (BPl.3) or by using the modules view 
(BPl.14). Using the component views, components are selected from a component 
library in the PDE. When all the components within the subsystem have been selected, 
interlocks (which states the conditions for the element to change its state) are being 
defined (EA 1 132). Using the modules view, modules are added to the subsystem 
instead of individual components (EAllSl). A module consists of components and 
their geometrical model representation. Configuring the machine using modules would 
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mean building the machine virtually. Link points are defined so that the modules are 
joined at specific position or location (EAl152). Again, interlocks had to be defined so 
as to coordinate the sequential behaviour of the components (EAl153). 
The BP 'Test & Debug BP1.2' describes the process of testing and debugging of the 
configured machine using the PDE. There are two ways of simulating the machine 
logic, (i.e. two sub-BPs); this could be done using the states transition diagram view 
(BPI22) or using the 3D model view (BPI23). Under the states transition diagram 
view, the machine to be simulated is selected (EAI221). The mode of simulation is 
selected (BPI221), which is either manual simulation (BPI2211) or automatic 
simulation (BPI2212), as shown in Figure A.1. For manual simulation, the machine 
parts had to be loaded (EAI22111) and the sensors are toggled (EAI22112) to trigger 
off the machine sequences. Using automatic simulation, likewise the machine has to be 
loaded (EAI22121). The simulation is started by clicking on a button provided on the 
PDE window (EAI22122). Using the 3D model view (BPI23), the VRML 3D model of 
the machine has to be loaded (EAI231). The logical parts of the machine are loaded to 
the model (EAI232) and simulation starts by clicking on the button provided by the 
PDE. 
Figure A.4 shows the activity diagram for machine creation. It captures the different 
resources, information exchanges and the interaction with other processes. Although the 
activities are shown with respect to time, however, in this case it is not according to any 
specific length of time but rather a sequential representation. 
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Figure A.l Machine simulation in the PDE. The simulation could be viewed using the states 
transition diagram or the 3D VRML model. The simulation control panel in the top middle of the 
screen has tbe button for loading of parts and for starting the simulation. 
3D VRML Model Creation 
Figure A.5 shows the structure diagram for creating the 3D VRML Model, DP2. The 
activity diagram is shown in Figure A.6. The first process in the model creations is to 
analyse and understand the object to model (BP2.1). This process basically defines the 
architecture of the model. It involves defining the three aspects of model: i) geometry 
aspect (EA211) which predefined the type of motion, ii) behaviour aspect (EA2l2) 
which is the logical description of the states element, and iii) dynamic aspect (EA213), 
which describes the kinetic motion of the component. These three aspects are the basic 
elements within the architecture. As the basic elements, they are suitable for reused. 
The definition of the architecture elements (BP2.2) is to define these elements, which 
are: i) dynamic element (EA221), ii) state element (EA222), iii) condition element 
(EA223), iv) link point (EA224), v) view point (EA225) and vi) button for user 
interfaces (EA226). The above processes are essentially describing the building up of a 
library of reusable elements. If this library already exists, the user could proceed 
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directly to the next process, which is 'Specific case description BP2,3'. This explains 
why the two processes 'BP2.1' and BP2.2 are shown as alternate flow in this diagram. 
Under specific case description (BP2.3), the three main activities are i) knowing the 
mechanical parts (EA231), ii) knowing the moving parts (EA232), and iii) 
understanding the modelling requirement (BP23 I ). In understanding the modelling 
requirement, it is essential to understand the level of details that the model is to present 
(EA2311), the information or the data required (EA2312) and the user's expectation 
from the modelling (EA2313). When these requirements have been understood, the 
basic shape of the model could be created (BP2.4). When creating the basic shape, if 
computer aided design (CAD) files are available (BP241), this will allow the exporting 
of the files to VRML (EA2411). If CAD files are not available (BP242), the basic 
shapes will have to be defined (EA242 I ) and then using any software package that can 
export them to VRML (EA2422). 
Component configuration (BP2.5) is to populate the elements that defined the 
components. This includes popUlating the i) dynamic and the static element (BP25 I ), ii) 
states element (BP253), iii) condition element, iv) link point and v) view point. Each of 
these processes are repeated as many times as required, depending on the number of 
elements involved. When populating the dynamic/static element (BP251), the position 
and the orientation of the components are to be determined (EA2511). This is followed 
by defining the kinematics parameter (BP252), which includes the i) axis of translation 
(EA2521), ii) axis of rotation (EA2522), and iii) default route (EA2523). To populate 
the states element (BP253), the following has to be defined: i) name of component 
(EA2531), ii) the integer position (EA2532) and iii) colour (EA2433). The process of 
populating the condition elements (BP254) defines: i) the name of the component 
(EA254 I ), ii) the route parameter (EA2542) and iii) the time relative to the speed and 
the position (EA2543). 
When the component has been configured, they are ready for assembly (BP2.6). Firstly, 
it is the geometry assembly (BP26 I ). The floor space for the component has to be 
defined (EA2611). The components to be assembled are selected (EA26l2) and the link 
point are specified to join the components (EA2613). Following this process is the 
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logical assembly (BP262); this involves the populating of the condition element 
(BP2621), in which the interlocks are defined (EA26211). 
Create Component 
The activities involved in the creation of a component under the Component Based 
Approach adopted by the CCG project is as shown in Figure A.7. This process (Le. a 
domain process, DP3) will be of greater concern to the component suppliers than the 
other stakeholders (Le. machine builder and end user). 
The first process in creating a component is to decide the automation hardware (BP3.!). 
There are three activities under this process, that is to decide the type of the hardware 
(EA311), cycle of the component (EA312) and determine the behaviour of the 
hardware (EA313). The implementation of the control behaviour for the components is 
summarised under the BP 'implement control BP3.2'. The fust sub-BP is to design the 
standard interface (BP3.2l); under this process, there are several sub-BPs and EAs. The 
sub-BPs are implementing operation mode (BP3.22), designing electrical interface for 
inter-component connection (BP3.23), allocating storage space for different type of data 
(BP3.24), designing the network interface (BP3.25), developing the communication 
standard (Bp3.26), designing the proprietary code (BP3.27) and designing the internal 
electrical interface (BP3.28). These seven sub-BPs can be further decomposed to lower 
level activities, Le. EAs. 
The activities within designing of the standard interface are developing the states 
transition diagram (EA3211), specifying the distributed processor (EA3212), and 
implementing error routine (EA3213). This is followed by implementing the operation 
mode for the component (BP3.22), which are manual (EA323 I), fully automatic 
(EA3232), semi automatic (EA3233) and debugging mode (EA3234). On designing the 
electrical interfaces to facilitate inter-component connection (BP3.23), the two 
activities are to set the cable standard (EA323I ) and to design the wiring diagram 
(EA3232). Within the component, storage space has to be allocated for different type of 
data (BP3.24), which includes spaces for: i) interlocks (EA324 I), ii) component 
parameters specific (EA3242) and iii) a look-up table (EA3243). When designing the 
network interface for the component (BP3.25), the communication standard has to be 
developed (BP3.26) so as to facilitate the downloading of the identity (EA3261). 
Page A-5 
I 
I 
I 
Appendix A CIMOSA Modelling Diagrams for CCG Projects 
The designing of the proprietary code (BP3.27) involves defining the application 
programmable interface (EA3271 ) and defining the look-up table (EA3272). This also 
involves designing the internal electrical interface (BP328). The two main activities 
under this process is to design the wiring diagram and to specify the input/output (I/O) 
for the component (EA3282). 
Finally, the component is ready for final installation (BP3.3). During this last stage of 
the component development, the activities are to programme the state machine 
(EA331), testing (EA332) and debugging (EA333). The resources required for creating 
the components are shown in the activity diagram in Figure A.8. 
Human machine interface (HMI) 
The human machine interface (HMI) under the CCG project is based on web 
technologies and the layout and graphical display of the HMI are generated using 
templates. The machine builders are responsible for developing the HMI. Creating the 
HMI under the CB system is identified as a DP, 'Create HMI DP4', as shown in Figure 
A.9. 
The first step in HMI creation is to understand the user's requirements (BP4.l). This 
will involve: i) identifying the user of the HMI (EA411), ii) identifying the usage of the 
HMI (EA412), iii) determining the information to display (EA413), and iv) determining 
the format of visualisation (EA414). The following process is to understand the 
operation procedure of the machine (BP4.2). This requires the i) understanding of the 
architecture of the system i.e. machine (EA4.21); ii) understanding the prioritisation of 
information (EA422), iii) understanding the manipUlation requirement (EA423), and iv) 
determining the level of manipulation by different users (EA424). 
A HMI pattern describes the functionality, user interaction and the capabilities of the 
HMI to perform common tasks. In defining the HMI pattern (BP4.3), the main activities 
are determining i) the HMI functions (EA431), ii) structuring ofthe information, iii) the 
strategy for manipulation and action (EA433), iv) diagnostic information display 
strategy (EA434) and v) navigation mechanisms (EA435). Once the HMI pattern has 
been defined, the designing of the HMI can be started (BP4.4). A template for all the 
HMI screens will be created (BP4.4l) and the graphics that are to be used has to be 
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created (EA441). A HMI template acts like a form; it establishes the basic layout of the 
HMI screens and is 'filled in' (or populated) individually according to the different 
information each screen is required to display. This means that this 'form' i.e. the 
templates are reusable. Thus, the items that are to be fixed on these screens have to be 
determined (BP4.42). This involves the determination of the layout of the screens 
(EA4421) and also the core view or the commonality between the screens. Next, the 
variant aspects on the HMI will be determined (BP4.43). This will include the 
determination of the i) user identification (EA4431), ii) screen colour (EA4432), and 
iii) the font type (EA4433). 
The process of configuring the HMI is to populate the HMI with the components that 
make up the machine (B4.5). A configuration tool is required for this purpose, in the 
case of the CCG projects, this tool is provided in the PDE. The main activities during 
this process are server configuration (BP4.51) and specifying the display preferences 
(BP4.52). The machine server which holds the information of the components for the 
machine has to be specified (EA4511). On specifying the display preferences (BP452), 
the following items has to be specified: i) images that are to be used (EA452 I), ii) the 
colour (EA4522), iii) the font to use (EA4523), and vi) the layout of the pages 
(BP4.53). This requires the specification of the number of components in each page 
(EA4531). 
Figure A.1 0 is an activity diagram for HMI creation. It shows the different resources 
that are required for the creation of the HMI. 
Page A-7 
Appendix A CIMOSA Modelling Diagrams for CCG Projects 
Overall Context Diagram 
Create Machine 
(DPt) 
VRML3D 
Model (DP2) 
Create 
Component 
(DP3) 
HMI 
(DP4) 
Common 
Database 
CB System 
Control 
\ 
Machine 
Simulation 
(DPS) 
Process 
Definition 
Environme 
Machine 
Monitoring 
(DP6) 
ExttnuJLinb f1owofkeaJMOI. 
= 
•• Lo~ghb;orough COMPAG Project - Building CB System Context Diagram 
.., Uruverslty Tule: Context Diagram Number: CTX Diag 
Dcsip by: OMH 
Checked by: 
u c: 
Figure A.2 Context Diagram for building CB System 
PageA·8 
Sile Map 
AltomOliw Fl_ I 
R!!!ut . 
Appendix A CIMOSA Modelling Diagrams for CCG Projects 
Machine Creation - Structure Diagram SileMap 
DPI 
Create Machine 
I 
~ .. BPl.2 BPl.l I IMaChine Configuration I Test & Debug 
BPI.21 
~ 8Pt.! t --I Logic Simulation I I Create System BPI.22 
BPI.t2 H States transition diagram viewl 
L.J Create Subsystems J .. Select Machine to simulate (EAlm) 
BPt.13 ., 
H I Select Mode of simulation (BPlm) Components Views 
C: Add components (EA1I31) ---+l Manual simulation (BP1221 11 I Add Interlocks (BAlm) t: Loadmachineparts(EAIllIII) 
BP1.I4 Toggle sensors (EAIlllll) 
y Modules View I -+LAutomalic simulation (BPI22I2) I E Add geometrical modules (EAII") t: Load machine partS (EA122III) 
Select link point (EA1152) Sblrt simulation (EAIllll2) 
Add interlocks to components (EAIIS]) BPI.23 
Y 3D model view J 
~ Load VRML machine model (EAIDI) 
~ Load parts (EA1212) 
L.. Start simulation (BAI233) 
Debugging (EAI21) 
<-- N-cIMO$A_ Acliv/ly ,-. ....... H ...... nRoaom .. Ph)'licoIR_ ,- Euo .... LiDb -~- Flowoll'n>ccM A~~~_~W I 2 
= = = = = = = C) = --
_. __ ..... ' 
ULol:'ghb,orough COMPAG Project Building CB System Structure Diagram 
Dc5igaby: OMA R!!.!ute Chc<:kod by: UnIVel'Slty Till,,: Machine Creation _ Structure Diagrathumbcr: SD I 
-
Figure A.3 Structure Diagram for Machine Creation 
Page A-9 
Appendix A CIMOSA Modelling Diagrams for CCG Projects 
· 
Machine Creation. Acti ... ity Diagram Site Map 
I Engineers ">--
) M"h;~_ .. ~J >-Component list I BPI.I 
Machine interlocks I --I Machine I \ 
Machine Configuration Machine subsystem! 
Engineering 10011 .>-- Machine modules I 
Common Database L ................ _._ ... _ .............................. _._._.~ 
< Timing Diagrams >- ~ BP1.2 
Engineering Tool J-·_·-i Timing Diagrams Testing & Debug List ofTests 
Component ; L Complete Machine J 
t BPI21 
L Logic Simulation J_·_·_·_·-1 
..1. EAl21 
I Debugging r-
DP3 < VRML 3D machine models I Create Component I 1 DP2 
Create Component DP3 
JL VRML 3D Model J 
VRML 3D Model DP2 
I 
TimcKale 
CIMOSA_ "~IMOSA_ loctiYiIy .- Inf .......... H~ .. nltc-... Pb)'lb]~ Fin ..... ExferMI Llnkl l'Iowo(1luJMol, .... ,,"- "'~~':*_~13 
= = = = = => = 
C) 
= ---
-_ ... _--
" Lol}ghb;orough COMPAG Project Building CB System Activity Diagram 
Dcsigoby: OM" D!!'! ... Chcd.CId by: UruversJty Title: Machine Creation _ Activity Dia~umbcr. ADl .•.. 
Figure A.4 Activity Diagram for Machine Creation 
Page A-10 
Appendix A CIMOSA Modelling Diagrams for CCG Projects 
3D Model- Structure Diagram Site Map 
~ ~ BP2.3 BP2.4 
I BP2.S Specific Case Description Create basic shape r-1 Component I I Configuration f-.. Know the mechanical parts (EA231) 
f-+ Know the moving parts (EA232) ---..j CAD file available (BP2.41) I H PopuJate Dynamic/Static element (BP2SI) lJl ~Understand modelling requirement (BP231)1 t. Export to VRML (EA24I1) 
------I CAD file not available (BP242)1 tretennine position/orientation (EA'S! t) 
i t: Understand level of detait, require (EA'''') Define Kinematics parameter (BP2S2) I Understand information or data required (EA2312) C: Define basic shapes (EA2421) Understand user expectation (EA2313) Export to VRML (EA2422) E D.fi" .. ,';"f"'~t'';''(EAl5'1) 1 Define axis ofrotation ~21) Define default route ~23) DP2 ~ Populate States element (BP2S3) 1JJ BP2.2 CreateVRML 
I Define Architecture elements ,..------------ 3D Model - ~ Define name (EAlS3I) ------------: 4 Define integer position (EA2532) , , Define colour (EA2.S3J) 
f:::: : Define Dynamic element (EAl21) , , BP2.6 H Populate condition element (BP2S4) lJl Define State element (EAl22) , , f:::: Define Condition element (EAl23) , I r-, , Component Assembly Define Link point (EA224) , ~ D.fm ... m. ~Al"1) C • ,Define View point (EA22S) : Defme route parameter (EAlS411 
• H Geometry assembly (BP261) I .... Defme time (EA2S4J) Define Button for user interfaces (EA226) : 
1 
, lJl , E Define floorspace component (EA2'") , ~ Populate Link point (EAlSl) , , Select components to assemble (EA2612) , 
BP2.1 , : Select link point for linkage (EA2613) lJl Analyse & understand , ~ Populate view point (EAlS2) , 
---...f Logical assembly (BP262) I _______ J 
obiect to model 4 PopuJate condition element (BP262i) I ~ Geometry aspect (EA2Il) 
Behaviour aspect (EAl12) L.. Define interlocks (EA261Il) 
Dynamic aspect (EA213) I-
~- -.c1M0SA_ Aolivily ,- W-'oo H_ ...... Ph)osiaoll-.:o , .... ExImIIl LIIIb Flowto1ltMJMot. .... "'- A~_"'FIow I 4 
= = = = = C=> = C) = - .-.--.. U Loughborough COMPAG Project - Building CB System Structure Diagram Desiga by: OMH R~te Cb<d<dby. University Ti'''3D Model Structure Diagram Number: " SD2 
Figure A.S Structure Diagram for 3D VRML Model Creation 
Page A-11 
- ----- - - ----------------------------------------
~-------------------------------------------------------------
Appendix A CIMOSA Modelling Diagrams for CCG Projects 
3D Model- Activity Diagram . Site Map 
\ Type of machine logic J Customers I Basic gcomt!ry I 
User specifications! 
,-----
OrientatiOD I 
Kinematics motion I Purpose oemodelling( 
Parent child relationship' I Required level of details! I Logical description DC states 
BP2.1 --<]"=mdn.i,", on,= '0 moo.1 I 
I Analyse & understand I 
Machine Layollll 
States description of machine behavioun' 
object to model Mechanical movement I 
Moving parts! Range oCmovements , ; asic shape oC actuators! 
! 
.-.-._ ... , 
~ BP2.2 I Define Architecture elements Generic elements -- ---
"- ./ ; BP2.3 ! 
! 
Specific Case Description r-·_·_·_·_·_·_·_·······" ._._._.-..•.• _._. 
<Components models> 0 
I I Customers I I CAD Moo.b >-H 1 BP2.4 
Create Basic Sbapes --_._._._._._.'; 
~7t editor or user interface 10 )- ; 
pulatc element attributes ; 
,Final Machine Model ) ! 
)VRML modelling knowledge >- Dynamic element ~ BP2.5 Stales element 
Condition element 
- Component ConfiguratiO~ 
Link Point 
ViewPoint 
r 
i 
_ ........... _._._.-.-
.............. -+ 
BP2.6 
ILogiC Exporterll Component Assembly I Logic Description J ) :~pooo"" .ttrib,'51 r+I Link point for components J 
Conditions 
I 
Time teak 
CIlolOS"v....;. tIonoClloIOSADocnoill A<tiviry ,_. lDr-tioD 
"-- ""~ ....... 
FilW>Clll Extcmal LiDb PlowofRaJNIL ........... ~~~_~15 
= = = = = = = C) = ---
.. _._._--
"Loughb;orough COMPAG Project Building CB System Activity Diagram Design by: OMH R!!!ut. Checked by~ UniVersity Titl~3D Model- Activity Diagram Number. AD2 .~, 
Figure A.6 Activity Diagram for 3D VRML Model Creation 
Page A-12 
Appendix A CIMOSA Modelling Diagrams for CCG Projects 
Component Creation - Structure Diagram 
CNOSA_ 
= 
BP3.1 
riDedde Automation I Hardware I 
~ Type of hardware (EAlll) c:: Cycle (EA312) 
Behaviour of Hardware (EAJ J 3) 
DP3 I Create Component 
BP3.3 
Final Installation I 
Programme state machine (EAlll) 
Test (EA332) 
Debugging (EA333) 
AoIivn, E ....... Wonnotion 
= = = 
I'IIyUIIR-..:o 
= 
BP3.2 
Implement 
Control BPJ.21 
Design Standard Interface I 
~ Develop States TransitiOll Diagrams (EAl2!!) r+ Speeilydistributed processor (£Alll2) r-. ImpleIl\elllcrrorroutine(EA32IJ) 
BPJ.22 
~ Implement Operation mode J 
~ Manual (EA3231) t:: Fully automatic (EAl232) 
I - Semi automatic (EA3233) 
4 Debug mode (EA3234) 
BP).23 
Desi Ele<:trical Interface Inter-com onenl connection 
t--!' Set cable $WIdard (EA323I) ~ Design wirina diagnm (EAl232) 
--"""-Storl allocation for different of datll 
EA'Jocate tpa(lc for interlocks (EM241) A110eate IpaCC (01" componCQI plllamctcn specifie (EAl242) Allocate: space (or Look-up table (EAl24) 
BP3.2S 
Desi Network intefface ---.mJ6... 
Ocvel Communic.tion Standard 
t.. Identity download (EA3261) 
BP3.27 
~ Design ProprietaJy Cod. I 
~ ~cfinc applieation programmable interface (EA3271) 
r---- Define Look-up table (EA3272) BP3.28 
~ Design Inlemal electrical interface J 
t-' Design wiring diagram (EA3281) 
\-to Specified I/O for component (EA3282) 
& ....... Linkl flowofRctJMal. 
= 
Site Map 
OMH COMPAG Project Building CB System Structwe Diagram Daipby: Chccl;cdby: R!!.!'.!te Till"'Component Creation. Structure Diagr;~ SD3 ""1" r: 
Figure A.7 Structure Diagram for Component Creation 
Page A-13 
Appendix A CIMOSA Modelling Diagrams for CCG Projects 
Component Creation - Activity Diagram Site Map 
jF=ti~l& ,( 
\ pbysicallocation 
_ of bard ware 
l<€ecbanica! Engineer 
-« Hardware ;> 
• )~ardwarc Movement profile! 
" I ParametersiTroubleshooting 11 Decide Automation I 
Hardware .•.• , 
~ BP3.21 
--< States, Transition > ! I Eleclrical Engineer Design DII8!!;ms Standard Interface ...• , 
11 Control Engineer 
• 
8P3,22 
) All pouibl"ombiMtioo of \ . I Implement .. _., Operation Mode manual movement I ~ BP3.2] Type of errors 
I Electrical Engineer Design er ~ Wiring Diagnuns 
) Cable standard 
Electrical Interface ... _, 
t 8P3.24 
I Storage allocation fO: ~. 
different type of data '·'-1 
8P3.25 Internal wiring diagram of component! Application Programmable Interfacel 
I Electtical Engineer 
_I. Design L~kt Table 
I Control Engineer network interface '·'·'-1 t j 8P3.27 
Design 
Proprietary code I---l (EAm)~ 
Test ~ 
Debug 
/1 _'I ,~' /' ,~' 
---,fL-. N H 
" '5da)'l H 0.5da)'l 2.' .)'1 ..... .. , . Time scale 11 da)'l 
CIMOIiA~ N-CIMOSA_ Activily ,-" "_iooa H ...... Ro_ 1'IIrtko1~ ,- ~LiIIb FlowofReo.lMlt. FIowof"- ~·~_~17 
= = = = = ==> = 
C) = ---
•. -.•. _._ .. 
ULoughborough COMPAG Project - Building CB System Activity Diagram Desipby: 0,," 
R!!!!'!!ut. 
CbcckcQby: 
University TilLc:Component Creation· Activity DiagFanf" AD3 LUP< c: 
Figure A_8 Activity Diagram for Component Creation 
Page A-14 
Appendix A GIMOSA Modelling Diagrams for GGG Projects 
HMI Creation. Structure Diagram Site Map 
( BP4.4 ~ BP4.3 r-+I Designing HMI I 
Define HMI Pattern BP4.41 
-I Template Creation 
::::: Determine HMI functions (EA4]1) RP'" Determine structuring of information (EM32) ~ Determine fixed aspect I ::::: Determine strategy for manipulation and action (EA-Ol) 
----
Determine diagnostic infonnation display strategy {EMl4) [: Determine layout of screens (EA4421) 
Determine navigation mechanisms (EA43S) Determine core view Icommonality between screens 
BP4.4) (EAU21) 
BP4.2 L-./ Determine variant aspect I 
Understand operation procedure 
DP4 t Detennine user identification !EM.,,'> 
::::: Understand architecture ofsystem (EM21) 
Determine screen colour (EA4.432) 
Understand prioritisation ofinformation (EM22) Create HMI - Determine font type (EAU33) 
::::: Understand manipulation requirement (EA423) - Graphic creation (EA"41) Determine level of manipulation by user (EM24) 
BP4.S 
Y HMI Configuration I 
BP4.1 BP4.SI 
! Understand user requirements H Server configuration. t 
I--- IdentifY user (EA411) ....... Specify machine server (EA~SII) 
r+ Identify usage of HMI (EA41l) BP4.6 BP4.52 
t::::: Determine infonnation to display (£A.fI3) Test and Debug I Display preference I Determine fonnat of visualisation (EA414) r+ Specify images used for HMI (EA4521) t: Test for automatic operation ~A<'" r+ Specify colour of HMI (EA4522) 
Test for manual operation (EA462) r-- Specify font to use (EA4513) 
1 Test diagnostic messages (EA463) BP4.S1 Y Specify layout of pages I L. SpecifY the number of components per page tEA::.) 
CIMOs .. O ....... I<on-CLMOSADoo>aIo AcIivity ,-" Inf ....... ,;.. 
-.-
~IR_ .- ~I""'" .... ~~ FlDwolr.-• A~~:::-I 8 
= = = = = <=> = c::> = 
_._._. __ .. 
ULoughborough COMP AG Project - Building CB System Structure Diagram Dctignby: OMH 
R!!I!!ut. 
Checked by: University Titlc'HMI _ Structure Diagram Number: SD4 • u • , 
Figure A.9 Structure Diagram for HMI Creation 
Page A-15 
Appendix A CIMOSA Modelling Diagrams for CCG Projects 
HMI Creation _ Activity Diagram Site Map 
I I Customers I UsageofHMIJ Information to display I 
Users of HMI ril Common I Engineerin g I ~ BN.I Database Tool 
Iunderstand user requirementsr-'-1 
Display strategy J 1 
r-) Information Structure! asic layout of screens ; ManipulatiOD Strategy I Set of HTML files I ~ BP4.2 Navigation strategy Style sheets I 
r Understand Operation f·_·-l VRML 3D models Procedures > Components Details ) ; )--' l Logic of control buttons I BP4.3 Sequcncing of screens I I I Interaction between screens! I Define HMI Patterns Information display for different users I 
Machine Type I ! 
Machine Architecture! i Webpage editor I ; 
Text script editor I 
• BP4.41 Graphic editor J Basic screen layout 
Template Creation Set ofHTML files I 
> Interface 10 wmponents 1 
Style sheets , 
BP4.' 
) Machincserveridentity! 
Users' required presentation style 
HMI Configuration Configuratioo tool > 
~ BP4.53 
I Specify layout of pages r-
BP4.6 
L._._._._~ Test and Debug I 
• 
awoSA_ 1I....clWOllAo-lo 
"'"" 
,-
w __ 
"--
PhyWJ- ,- "-'''''' Flowlllkca.iMM. Flowof"""" ,,=~.:wl ' = = = = = <=:> = = = --- ---_. 
ULoughborough COMPAG Project Building CB System Activity Diagram Desipby: OMH R!!'!!ut. """'" by. University Title:HMI _ Activity Diagram Number: . " AD4 
Figure A.tO Activity diagram for HMI Creation 
Page A-16 
--------------------------------........ 
Appendix B . 
Questionnaire and Survey Result 
I) Questionnaire for Survey 
Page 8-1 
----------------------------------------~ 
Survey on Loughborough University's Component Based for Manufacturing Machinery 
,. 
.' 
Purpose of Survey 
This survey is carried out by the MSI Research Institute of LoughboroughUniversity. to gather feedback on the COMPAG project (i.e. COMPonent 
based Paradigm for AGile Automation), The project looks into the Implementation of the Component Based Approach forthe lifecycle engineeringof 
machine automation 
Two test machines had been commissioned within the COMPAG project: i) an assembly machine at J.A. Krause, Gennany, iil a transfer tine machine 
at Lamb TechniCOI\ Britain. Project presentations and demonstrations were givenat both Krause in June 2002, and recently at Lamb Technlcon in 
February and April. 
The agenda forthe presentation was as followed 
I) concept 01 the Component Based Approach 
11) demonstration on the use of an engineering tool for machine configuration 
Ill) demonstration on 3D virtual simulation of machine 
I~ demonstration on remote diagnostics 
~ demonstration of the physical test machine at the shopfloor 
'" i~"",, , ~ 'fiJ .., •. l! . . ''' . • ,,'->'.::~ '"':t-..... ! 
Runtlm. Engineering Vi,u.n,atlon 
--.. 
g 1 1,' ._". "'1 i: "," .' ' . ". '\ I 
b_.~_: 
HMI 
H r 'B'I~C~~;.~·t ~~~ Common Model 
~ 
it 
1 
Figure 1, Implementation Envlronmentofthe Component Based Approach 
Figure 1 illustrates the four basic environments within the ComponentBased Approach and the common model underp'lnningthe environments The 
runtlme environmenlis the actual environmentforexecuting the control logic to drive a machine: the engineeringenvironmentconsists of the engineering 
tools for configuringthe machines; the visualisation environmentis where the virtual modelling and simulation of machines are viewe~ the human 
machine Interface (HMI) under the component based approach Is based on Web technologies and enables access via a browser-based application 
interlace for operation monitoring and diagnostics of an automation solution. The common model is a single common engineeringenvlronmentforaU 
stakeholders. It Is supported by the use of a common database which stores all the data and information (such as project partners. project timeline, 
project updating, mechanicaVelectrical/contml drawings) on the project The data or informatiol\ defined and entered once, could be used many times 
throughout the lifecycle by all the stakeholders. 
The Questionnaire 
The questions In the questionnaire had been designed around the functionality developedby the project The answers received will be collated and 
summarised No individual details will be revealedin any reports on the study. The result will help the project group identify areas where i)improvement 
can be made, and il} future work or developmentcan be undertaken 
Thereare two parts to this questionnaire The first part is on background Infonnationofthe participant and the second part consists of questions relating 
10 : 
I) common model approach 
Il) engineering tool 
iil) visualisation tool 
i0 human machine Interlace 
~ comments on the COMPAG project 
We appreciate your time and effort in completing this questionnaire. The questionnaire will take about 20 minutes to complete. Please look through the 
questions and choose an option which best describes your opinion I 
On completing the questionnai~~ please press the "SubmitH button and the questionnaire will be sent via email. 
Part I 
Background Infonnatlon 
Name: I 
Email: 
1) Which of the following group does your company belong. to: 
o EncJ.users 
o Tier 1 supplier 
o Tier2 supplier 
o Others (Please specify) 1_ 
2) What applllcatlon domain (as your Job) are you Involved In (please tick as many as applicable): 
D Aerospace D Petrochemical 
D Automotive 
D Consumerproducts (non-foo~ 
D Electronics/Semiconductor 
D Fine chemical 
D Food & beverage 
D Machinery 
D Metal fabrication 
If u selected MOthersM lease sec' 
D Pharmaceuticals 
D Retailing 
D Transport 
D Water & wastewater 
D Wholesale or distribution 
D Others 
3) What Is your Job responsibility? 
4) What areas of automation are you Involved In? (please tick as many as applicable) 
o Software 
D Hardware 
o Engineering 
o Design 
D Finance 
o Maintenance 
o Others 'ease S'HP.,ec"ify!J[\L ______________ '''',:;.;j 
~~ ~~'" ~' 
.. , 
5) What engineering software tools do you currently use for your Job? Please state why the tool Is used, 
6) What are the main problems (top 5) that you face during the process of machine design and Implementation? 
1~1====~==================~====~J 
2 I 3rl====================================~J 
4 ;-:.1 =-=-======_:...:' _= ..... =_= __= .. ======:...:======;-1 
5 L __ ....... J 
Part 11 
A) Common Model Approach 
The common model Is a single common englneerlngenvironmentforatl stakeholders. It Is supported by the use of a common database which stores all 
the data and information(such as project partners. project tlmeline, project updating. mechanicaVelectrical/control drawings) on the project The data or 
informatio" defined and entered once, could be used many times throughoutlhe lifecycle by all the stakeholders. 
7} How would you rate the Implementation of a common model approach? 
o Not useful 0 Less useful 0 Neutral 0 Useful o Very useful o Do not understand 
8a) How useful would you rate the use of a common model In solving some of the problems faced during the proce .. of machine 
building? 
Q Not useful Q Less useful o Neutral o Useful 
8b) Which problems would you conslder.s best solved by the common model? 
... 
B) Runlime Environment 
§~ %;{ R~ ~j It,: 
~~*J 
_"'_. __ ~ ______ :.tl 
o Very useful o Do not understand 
The runtime environmentrefers to the control environmentin the system. It is the actual environmentfor executing the control logic to drives machine. 
9) How Important are the following factors (drivers) to decentralised (distributed) automation architecture ? 
a) Increased Flexibility 
o Not important Q Less Important o Neutral o Important o Very important 
b) Higher availability 
o Not important o Less Important o Neutral a Important o Very important 
cl Increased fault tolerance 
o Not important o Less Important a Neutral o Important o Very important 
d) Reduce complexity of control design and Implementation 
o Not important o Less Important o Neutral o Important o Very important 
e) Simplified maintenance 
o Not important o Less important o Neutral o Important o Very important 
f) Modularlsation of machines 
o Not important o Less Important o Neutral o Important o Very important 
gl Scalable system 
o Not Important o Less Important o Neutral o Important o Very important 
hI Reduced overall cost 
o Not important o Less Important o Neutral o Important o Very important 
I) Reduced overall time 
o Not Important o Less important o Neutral o Important o Very Important 
Additonal comments: 
10) How Important are the following factors to your organisation In the procas,of machine building (with respect to the definition, 
given) ? 
a) Flexibility: the ability to accommodate changes 
o Not important 0 Less Important o Neutral o Important a Very Important 
b) Reusabllity: the ability in which the machine's mechanical elements, actuators, sensorsand control software can be reconfigured and 
reused 
o Not Important o Less important o Neutral o Important o Very Important 
c) Avallablllty: the percentage of time a system Is availabie when required 
o Not important 0 Less important 0 Neutral o Important o Very important 
d) Remote maintenance: the ability to provide maintenance service through the web 
o Not important 0 Less important 0 Neutral 0 Important o Very important 
e) Machine Modelling: using 3D virtual representation and animation of machine 
Q Not important 0 Less Important 0 Neutral 0 Important o Very important 
f) Design tools for visualisation: graphical vlsual1satlonsthat allows the engineering data to be represented In a form that Is easy to 
Interpret and interact with 
o Not important 0 Less important 0 Neutral 0 Important 0 Very important 
g) Design tools for simulation: graphical vlsual1satlonsthat allows the engineering data to be simulated 
o Not important 0 Less Important 0 Neutral C Important 0 Very important 
h) Performance data of components: diagnostic Information such as number of cycles, time to failure, error history etc •• embedded In the 
components 
o Not important 0 Less important a Neutral 0 Important 0 Very important 
I) Project management vlsabllity 
o Not important 0 less important o Neutral o Important o Very important 
Additonal c:omments : 
11) How would you rank your organisation In achieving the following factors (with respect to the deflnlUons given)? 
a) Flex.iblllty : the ability to accommodate changes 
o Bad 0 Below Average 0 Average o Good o Very Good a Not available 
b) Reusability: the ability In which the machine's mechanical elements, actuators, sensorsand control software can be reconfigured and 
reused 
o Sad Q Below Average o Average o Good Q Very Good Q Not available 
cl Availability: the percentage of Urne a system Is avallable when required 
o Bad 0 Below Average 0 Average 0 Good o Very Good o Not available 
d) Remote maintenance : the ability to provide maintenance service through the web 
o Bad 0 Below Average 0 Average 0 Good o Very Good o Not available 
e) Machine Modelling: using 3D vIrtual representation and animation of machine 
o Bad 0 Below Average 0 Average 0 Good o Very Good o Not available 
f) Design tools for vIsualisation: graphical visualisations that allows the engineering data to be represented In a form that Is easy to 
Interpret and Interact with 
o Bad 0 Below Average 0 Average 0 Good 0 Very Good 0 Not available 
g) DesIgn 10015 for simulation: graphical vlsuallsatlonsthat allows the engineering data to be simulated 
o Bad 0 Below Average 0 Average 0 Good 0 Very Good o Not available 
h) Performance data of components: diagnostic: Information such as number of cycles, time to failure, error history etc. ,embedded In the 
components 
o Bad a Below Average o Average o Good o Ve",Good o Not available 
i) Project management vlsabillty 
o Bad 0 Below Average o Average o Good o Very Good o Not available 
Addllonal commenll : 
12) How would you rate the relevance of embedded control In achieving the following factors In machine building (with respect to Ihe 
definitions given)? 
a) Flexibility: the ability to accommodate changes 
o Not important 0 Less Important o Neutral o Important o Very important 
b) Reusability: the ability In which the machine's mechanical elements, actuators, sensors and control software can be reeonflgured and 
reused 
o Not important o less important o Neutral o Important o Very important 
c) Avatlabrrrty: the percentage of time a system Is available when required 
o Not Important 0 Less important 0 Neutral 0 Important o Very important 
d) Remote maintenance : the ability to provide maIntenance service through the web 
o Not Important Cl Less Important Cl Neutral 0 Important Cl Very j'mportant 
e )Machine Modelling : using 30 virtual representation and animation of machine 
o Not important 0 Less Important 0 Neutral Q Important o Very important 
f) Design to-ols for visualisation: graphical visuallsatlons that allows the engineering data 10 be represented in a form that Is easy to 
interpret and Interact with 
o Not Important 0 Less Important 0 Neutral 0 Important 0 Very important 
g) Design tools for simulation: graphical visualisatlonsthat allows the engineering data to be simulated 
o Not important 0 Less Important 0 Neutral 0 Important C Very Important 
h) Performance data of components: diagnostic Information such as number of cycles, time to failure, error history etc. I embedded In the 
components 
o Not important o less Important o Neutral o Important o Very important 
i) Project management visablllty 
o Not important 0 less important o Neutral o Important o Very important 
Addltonal comments : 
13) How would you rate the Impact of embedded control on the following factors? 
a)eost 
a large decrease o Decrease o Noeffect C Increase o large increase 
b) Time 
Q Large decrease o Decrease C Noeffect o Increase o Large increase 
c) Skill requirement on control design 
o Large decrease o Decrease o Noeffect o Increase o large increase 
d) Human resource requirement 
o Large decrease o Decrease o Noeffect o Increase o Large increase 
e) Job responslbll1ty of control engineers 
o large decrease o Decrease Q Noeffect o Increase a large increase 
f) Job responsibility of mechanical engineers 
a Large decrease o Decrease o Noeffect Cl Increase o Large increase 
g) Job responsibility of electrical engineers 
o Large decrease o Decrease o Noeffect o Increase Q Large Increase 
h) Job responsibility of commissioners 
o Large decrease o Decrease o Noeffect o Increase o Large Increase 
Addltonal comment, : 
14) What are the factors you would consider when deciding to take up embedded control and distributed system? 
. 
C) Engineering Environment 
The englneeringenvironmentin the COMPAG project has been termed the Process Definition Environment PDE. It is an integrated engineering 
environment providing support at variousstages of machine building from Initial design of machine, control configuratiol\ simulation and maintenance 
when the machine has, gone into actual productiol\ 
15) How Important are the following features In future automation programming environments (engineering tools)? 
a) Ease of use 
o Not important o Less important o Neutral o Important Q Very important 
b) Graphical programming 
o Not Important o Less Important o Neutral o Important o Very important 
cl Llbrary of reusable Components 
o Not important o Less important o Neutral o Important o Very important 
d) Control platform Independences 
o Not Important o Less important o Neutral o Important o Very important 
e) Verification of control logic before commissioning 
Q Not Important Q Less Important o Neutral o Important o Very important 
f) Simulation of machine logic 
o Not important 0 Less important o Neutral C Important o Very important 
Addltonal comments : 
16) What other featur81 of programming environments would you like to see? 
17) How would you rate the engineering software tool that you are current using In your organisation In achieving the following featur •• ? 
a) Eas. of use 
a Sad o Below average o Average a Good o Very good o Not available 
b) Graphical programming 
o Bad o Below average o Average o Good Q Very good o Not available 
c) Library of reusable Components 
o Bad 0 Below average o Average o Good o Very good C Not available 
d) Control platform independences 
o Bad 0 Below average C Average o Good o Very good o Not available 
e) Verification of control logic before commissioning 
a Bad 0 Below average 0 Average o Good o Very good o Not available 
f) Simulation of machine logic 
o Bad 0 Below average o Average o Good o Very good o Not available 
Addltonal comments : 
18) How would you rate the COMPAG'. PDE In achieving the following factors? 
a) Ease of use 
o Bad o Below average C Average o Good o Very good o Not available 
b) Graphical programming 
o Bad Q Below average o Average o Good o Very good o Not available 
c) Library of reusable Components 
o Bad o Below average C Average o Good o Very good o Not available 
d) Control platform Independence, 
o Bad o Below average o Average o Good o Very good o Not available 
e) Vertflcatlon of control logic before commissioning 
o Bad o Below average o Average o Good C Very good o Not available 
f) SImulation of machine logic 
o Bad o Below average o Average o Good o Very good o Not available 
Addltonal comments : 
19) Have you seen any other engineering software which has the similar functlons.s COMPAG's PDE? If yes, please go to Question (20), If 
no, please proceed to Quntlon (21) 
C Yes, please go 10 Question 20 o No. please proceed to Question 21 
20) Plea •• specify the name of the software end the company who produce the software 
21) How would you rate the Impact of. software product like the POE on the following? 
a) Cost of machine design 
o Large decrease o Decrease C Noeffect C Increase o Large Increase 
b) Time for machine design 
o large decrease o Oecrease o No effect 0 Increase Q Large Increase 
c) Skill requirement for control design 
o large decrease [) Decrease o Noeffect o Increase o large Increase 
d) Cost of Machine Buflding 
Q Large decrease o Oecrease C Noeffect o Increase o large Increase 
e) Time of Machine Building 
a large decrease [) Decrease o Noeffect o Increase C Large Increase 
f) Human resource requirement 
o large decrease o Decrease o Noeffect o Increase o large increase 
g) Costof commissioning 
o large decrease [) Decrease o Noeffect o Increase o Large increase 
h) Time of commissioning 
o large decrease Q Decrease C Noeffect o Increase Q Large Increase 
I) Cost of machine maintenance 
a Large decrease Q Decrease C Noeffect C Increase C Large increase 
Addltonal comment. : 
228) What would be the best way to acquire a englne.rlng software like the POE for your organisation? 
Cl Produce in-house 
Cl Subcontract the work of producingmainlaining the software 
Cl Provided by control system supplier (e.g Siemens, Schneider, [ndramal elc) 
Cl Buy as a commercial product from software house 
o [Oth~~~.~P~C;M ''''1 
~ ~'!" rl 
__ ~~_~~~ ______ ~_ .. _,_,_~_~~~ __ .. _. ___ ,)i'_. 
22b) Please state your reason. behind your answer to Question 22(a) 
01 Visualisation Environment 
The visualisation environmentin this survey refers to the use of 3D virtual representation and animation of a machine. 
231 How Important la a 3D virtual representation and animation of a machine for the following areas In the lifecycle of machine building? 
al Marketing/Sales 
o Not important o Less important Q Neulral o Important o Very importanl 
b) Simultaneous engineering 
o Not Important o Less important o Neutral o Important o Very important 
cl Mechanical Design 
o Not Important Q Less important o Neutral o Important o Very important 
d) Control Design 
o Not Important o Less Important Q Neutral o Important a Very Important 
e) Electrical Design 
o Not important o Less important o Neulral a Important a Very important 
f) mechanical build of machine 
o Not Important o Less important o Neutral o important o Very important 
g) Commissioning 
o Not important o Less important o Neutral o Important a Very Important 
h) Operation 
o Not important o Less important o Neutral o Important o Very important 
I) Maintenance 
o Not important o Less important C Neutral C Important o Very Important 
n Remote diagnostics 
o Not important o less important o Neutral C Important o Very important 
Addltonal comments: 
:.~ 
~ ,. 
w. ~. 
c·::;: 
l@ ~.:-: 
#~{ 
-_ ... __ . __ ... _-.. _._ .... -
~- ...... --.- ~. __ ._.~ :tl. 
24) With regard to your organisation, what would be the Impact of the COMPAG visualisation environment have on the following factors: 
0) Cost of machine building 
o large decrease o Decrease o Noeffecl o Increase o Large Increase 
bl Time of machine building 
o Large decrease 
cl Skill requirement 
o Large decrease 
o Oecrease 
o Oecrease 
d) HUman resource requirement 
o Large decrease 0 Oecrease 
Addltonal comments : 
a Noeffecl o Increase 
o Noeffect a Increase 
o Noeffect o Increase 
25) What would your concerns be In using 3D virtual representation and anlmaHon of a machine? 
E) Human Machine Interface 
o Large Increase 
o Large Increase 
o Large Increase 
The Human Machine Intelface(HM~ underthe COMPAG project is based on Web technologies and enables access via a browser-based application 
lntelfaceforoperation monitoring and diagnostics of an automation solution. The layout and graphical display of the HMI is generated from templates. 
26) How would you rate the Implementation of web· based HMI? 
o Not useful 0 Less useful C Neutral o Useful o Very useful 
21) Are there any concerns In the use of web -based HMI? 
28) What would be the Impact of a web·based HMI to the following factors: 
al Cost of machine building 
o Large decrease o Oecrease o Noeffect o Increase a Large Increase 
bl Time of machine building 
o Large decrease o Oecrease o No effect o Increase o Large increase 
cl Skill requirement 
o Large decrease o Oecrease o Noeffect o Increase o Large Increase 
d) Human resource requirement 
o Large decrease e Oecrease o Noeffecl o Increase o Large Increase 
Addltonal comments: 
29) How would you rate the automatic generation of HMI? 
a Not useful Q Less useful 0 Neutral o Useful o Very useful 
30) Are there any concerns In using automatically generated HMI? 
31) What would be the Impact of a automatically generated HMI to the following factors: 
aJ Cost of machine building 
o Large decrease o Decrease o Noeffect o Increase 
bl Time of machine building 
o Large decrease o Decrease o Noeffect o Increase 
cl Skill requirement 
o Large decrease o Decrease o Noeffect o Increase 
d) Human resource requirement 
o Large decrease o Decrease o Noeffecl o Increase 
Addltonal commen .. : 
F)OnCOMPAG 
32) How would you rate your Interest In acquiring the following Hems provide In the COMPAG? 
aJ Common model approach 
o Not interested 0 Less Interested 
b) Distributed Control 
o Not interested 
cl Engineering tools 
Q Less Interested 
o Neutral o Interested 
o Neutral o Interested 
o Large increase 
o Large increase 
o Large increase 
o Large increase 
o Very Interested 
o Very interested 
o Not interested 
d) 3D visuarisation tools 
a Not interested 
e) Web based HMI 
o Not interested 
f) Remote Monitoring 
o Not interested 
Additional comments: 
o Less Interested 
o Less Interested 
o Less Interested 
o Less Interested 
o Neutral o Interested 
C Neutral o Interested 
o Neutral o Interested 
o Neutral o Interested 
33) How would you rate the results of COMPAG research group In the following area? 
a) Research 
o Bad 
b) Practicality 
a Bad 
o Below average 
o Below average 
c) Potential scientific Impact 
o Bad 0 Below average 
d) Potential benefits to society 
o Bad 0 Below average 
Addltonal comments : 
o Average o Good o Very good 
o Average C Good o Very good 
o Average Q Good o Very good 
o Average Q Good o Very good 
o Very interested 
o Very Interested 
o Very interested 
o Very Interested 
34) Have you seen or know of any other proJectJwork having the same concept/functionality a. the COMPAG proJect? If yes, please specify 
the name of the project and the organisation. 
OYes 
ONo 
Uvnur answer is Yes nlease scecifv the name of th!tP.!!Iject and the qrnanisation 
,:.1 
~::?; 
~"'4i ~!~I 
___ . _____ jJ~ 
35) Given that the end 4 users(e.g automotive vendor) endorse the COMPAG approach, would your organisation adopt the approach? 
OYes 
Q No 
--------------------------.......... ... 
Please states the reasons behind ur answer. 
End of Survey 
Thank you for your time. 
Submit 
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I/)Survey Result 
The first five questions are targeted at getting the background information of the 
respondents, which explains why they are not given in this document. This summary of 
the survey result will start with Question 6 of the questionnaire. Component supplier 
will be identified as CS, machine builder as MB and end user as EU 
Q6 : Main Problems that are faced by the stakeholders during the process of machine 
d' d' I . eSlgn an ImplementatIOn: 
CS MB EU) 
I) Complexity I) missing part information I) Getting machine 
2) Changing (drawing and try-out builders to follow build 
Technology parts) and software structure 
2) missing strategic standards 
information 2) Getting plant buy-in to 
3) missing purchase part "not invented here" 
information engineering 
4) missing information of 3) Process complexity 
time schedule and driving machine control 
calculation complexity 
5) missing information 4) Hardware reliability for 
existing own solutions inter-nations luniversal 
use 
5) Integration oflegacy 
controls with newer 
technology 
Part 11 (A) : Common Model Approach 
7 : Usefulness of the im lementation of a common model a roach 
CS MB EU 
Ve useful Ve useful Do not understand 
Q8 : Usefulness of a common model in solving the problems faced during the process 
of machine building. 
Very useful I Very useful Do not understand I 
Q 8b: Problems best solved bv using a common model 
CS MB EU 
Complexity I) Missing strategic I) Getting machine 
information builders to follow build 
2) Missing purchase part and software structure 
information standards 
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3) Missing infonnation of 2) Process complexity 
time schedule & driving machine control 
calculation complexity 
4) Missing infonnation 3) Integration oflegacy 
existing own solutions controls with newer 
technology 
B ) Runtime Environment 
Q9 hn Iportance 0 fr. 11 d r d o owmg actors to ecentra Ise h' automatIOn arc Itecture 
CS MB EU 
a) Increased Flexibility Neutral Very important hnportant 
b) Higher availability Less important hnportant Very important 
c) Increased fault hnportant hnportant hnportant 
tolerance 
d) Reduce complexity of Very important Very important Very important 
control design and. 
implementation 
e) Simplified hnportant Very important Very important 
maintenance 
t) Modularisation of Less important Very important Very important 
machines 
g) Scalable system Less important hnportant Very important 
h) reduced overall cost Neutral Very. important hnportant 
i) reduced overall time hnportant Very important hnportant 
Q 1 0: hnportance of the following factors to the stakeholders organisations in the 
f h' b 'Id' process 0 mac me Ut mg 
CS MB EU 
a) Flexibility Neutral Very important Very important 
b) Reusability hnportant Very important Very important 
c) Availability Neutral Very important Very important 
d) Remote hnportant Neutral Neutral 
maintenance 
e) Machine modelling Neutral Less important hnportant 
t) Design tools for Important Important hnportant 
visualisation 
g) Design tools for hnportant hnportant hnportant 
simulation 
h) Performance data hnportant hnportant Neutral 
of components 
i) Project Neutral hnportant hnportant 
management visibility 
Q 11: Perfonnance of the stakeholders' organisation in achieving the following factors: 
CS MB EU 
a) Flexibility Below average Average Good 
b) Reusability Average Average Average 
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c Availabili Good Ve ood Good 
d Remote maintenance Good Not available Not available 
e Machine modellin Avera e Not available Not available 
1) Design tools for Average Not available Not available 
visualisation 
g) Design tools for Below average Not available Not available 
simulation 
h) Performance data of Below average Very good Not available 
corn onents 
i) Project management Below average Good Good 
visibili 
MB's comment; Not available means have not been used, 
Ql2 ; The relevance of embedded control in achieving the following factors for 
h' b 'Id' mac me UI mg; 
CS MB EU 
a) Flexibility Important V ~ry important Important 
b) Reusability Neutral Very important Important 
ct Availability Important Very important Very important 
d) Remote maintenance Important Neutral Neutral 
et Machine modelling Neutral Neutral Important 
1) Design tools for Important Very important Important 
visualisation 
g) Design tools for Important Important Important 
simulation 
h) Performance data of Neutral Important Neutral 
components 
i) Project management Important Important important 
visibility 
Ql3 ; Rate the impact of embedded control on the following factors; 
CS MB EU 
a) Cost No effect Decrease Decrease 
b) Time Decrease Large decrease Decrease 
c) Skill requirement on No effect Decrease Increase 
control design 
d) Human resource No effect No effect Increase 
requirement 
e) Job responsibility of Increase No effect No effect 
control eneineers 
1) Job responsibility of No effect No effect No effect 
mechanical eneineers 
g) Job responsibility of Increase No effect No effect 
electrical eneineers 
h) Job responsibility of No effect No effect No effect 
commissioners 
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MB's comments: for (e) to (h), 'no effect' means the responsibility remains the same 
(only the tasks are different). 
EU's comments: Increase in resources would be needed initially but after full 
integration and one complete project using the toolslarchitectures, resource needs may 
reduce. 
Q 14 : Factors that would be considered when deciding to take up embedded control and 
di 'b d stn ute system. 
CS i) Commercial availability, 
ii) requirement by automotive manufacturers 
MB i) cost reduction, 
ii) proven components from a major vendor, 
iii)-one look and feel style for the whole project. 
EU i) Life time cost, 
ii) ease of use, 
iii) reliability, 
iv) reconfigurability 
C) Engineering Environment 
Ql5 : Importance of the following features in future automation programming 
environments (engineering tools) 
CS MB EU 
a) Ease of use Impprtant Very important Very important 
b) Graphical Important Important Very important 
prol!ramminl! 
c) Library of reusable Important Very important Very important 
components 
d) Control platform Neutral Important Neutral 
independences 
e) Verification of control Neutral Important Important 
logic before 
commissioning 
1) Simulation of machine Neutral Neutral Important 
logic 
MB's comment: proven components have to be available easily 
Q 16 : Other desirable features of programming environments 
CS No comments 
MB i) cost estimation 
ii) electrical drawings 
iii) integrated customer documentation 
EU No comments 
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Q17 : Rate the engineering software tool that the organisation is currently using on the 
fill . f1 o owmg actors: 
CS MB EU 
a) Ease of use Averaj1;e Below averaj1;e Not involved 
b) Graphical Below average Below average Not involved 
prol!ramminl! 
c) Library of reusable Average Bad Not involved 
components 
d) Control platform Good Bad Not involved 
independences 
e) Verification of control Below average Not available Not involved 
logic before 
commissioning 
I) Simulation of machine Below average Not available Not involved 
logic 
Note: The EU respondent has not been involved in using the engineering software. 
Q18: Rate COMPAG's PDE in achieving the following factors: 
CS MB EU 
a) Ease of use Good Good Not available 
b) Graphical Good Good Not available 
prol!ramminl! 
c) Library of reusable Average Average Not available 
components 
d) Control platform Below average Not available Not available 
independences 
e) Verification of control Good Good Not available 
logic before 
commissioninl! 
I) Simulation of machine Good Good Not available 
logic 
Q 19 : Have you seen any other engineering software which has the similar functions as 
COMPAG's PDE ? 
Q 20 : Other engineering software which has the similar functions as COMPAG's PDE 
MB : Siemens Xmat and Siemens em-PLC 
Q21 : Rate the impact of a software product like PDE on the following: 
I CS MB I EU 
I a) Cost of machine design I Decrease Large decrease I Decrease 
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b) Time of machine Decrease Large decrease Decrease 
desh!n 
c) Skill requirement for No effect No effect No effect 
control desh!n 
d) Cost of machine No effect Decrease Decrease 
building 
e) Time of machine No effect Decrease Decrease 
building 
f) Human resource Decrease No effect Decrease 
requirement 
g) Cost of commissioning Decrease Large decrease Decrease 
h) Time of commissioning Decrease Large decrease Decrease 
i) Cost of machine No effect Decrease Decrease 
maintenance 
Q22(a): What would be the best way to acquire an engineering software like the PDE: 
CS Buy as commercial product from software house 
Others: Need to be supplied by maior control supplier 
MB Others: A combination of all given choices would fit best 
EU Buy as commercial product from software house 
Others: Partnerships with supplier 
Q22(b): 
CS Need full support, on site, around the world 
MB All external designed tools have to be integrated into the existing in-house 
solution. Tools for design and programming have to be accepted by and 
must be available for end-customers. 
EU Ideally a product could be purchased that is fully functional and will run on 
current PCS and servers. Alternative and not preferred as much, a "special" 
system could be developed as a partnership. 
D) Visualisation Environment 
Q23 : Importance of a 3D virtual representation and animation of a machine for the 
following areas in the lifecycle of machine building: 
CS MB EU 
a) Marketing/Sales Less important Less important Important 
b) Simultaneous Neutral Important Important 
engineerinl! 
c) Mechanical design Important Important Important 
d) Control design Important Important Important 
e) Electrical design Less important Not important Neutral 
f) Mechanical build of Less important Not important Important 
machine 
g) Commissioning Neutral Not important Important 
h) Operation Neutral Not important Neutral 
i) Maintenance Important Not important Neutral 
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I j) Remote diagnostics I Important I Important I Neutral 
Q24: Impact ofCOMPAG visualisation environment to the organisation on the 
following factors: 
CS MB EU 
a) Cost of machine Decrease Not effect Decrease 
buildin 
b) No effect No effect Decrease 
No effect No effect Decrease 
d) Human resource No effect No effect Decrease 
re uirement 
MB's comment: No effect: Tools are not integrated into in-house solutions and do not 
support used control systems 
Q25 : Concerns in using 3D virtual representation and animation of a machine 
CS No comment 
MB Nice to have, if no additional cost or work required 
EU . Time to develop/ resources needed 
E) Human Machine Interface 
Q26: Rate the implementation of a web-based HMI 
CS I MB EU 
Useful I Neutral Very useful 
Q27 : Concerns on the use of web-based HMI 
CS No comment 
MB Nice to have, if web technology is available in the project (currently not) 
EU Reliability and speed of communications networks 
Q28: Impact of web-based HMI on the following factors: 
CS MB EU 
a) Cost of machine No effect No effect Decrease 
buildinl!: 
b) Time of machine Decrease No effect No effect 
buildinl!: 
ct Skill requirement No effect No effect No effect 
d) Human resource No effect No effect No effect 
requirement 
MB's comment: effct in control design and commissioning 
Q29: Rate the automatic generation of HMI 
CS MB EU 
Useful Useful Useful I 
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30: Concerns about the use of automaticall enerated HMI 
CS No comment 
MB How could customer re uirements be taken into consideration 
EU No comment 
Q31: Impact of a automaticall 'generated HMI on the following factors: 
CS MB EU 
a) Cost of machine No effect No effect Decrease 
building 
b) Time of machine Decrease No effect Decrease 
buildine: 
c) Skill requirement No effect No effect No effect 
d) Human resource No effect No effect No effect 
requirement 
MB's comment: effects in control design and commissioning 
F)OnCOMPAG 
Q32: Rate your interest in ac~ uiring the following items provided in COMP AG : 
CS MB EU 
a) Common model Less interested Very interested Interested 
approach 
b) Distributed control Less interested Very interested Very interested 
c) Engineering tools Not interested Very interested Interested 
d) 3D visualisation tools Not interested Interested Interested 
e) Web based HMI Not interested Very interested Interested 
f) Remote monitorine: Not interested Interested Neutral 
Q33: Rate the results ofCOMPAG research group in the following area: 
CS MB EU 
a) Research Good Good Good 
b) Practicality Good Very good Good 
c) Potential scientific Below average Good Good 
impact 
d) Potential benefits to Average Good Good 
society 
Q34: Have you seen or know of any other project/work having same 
concept/functionality as the COMPAG project? 
CS NO . 
MB Yes 
i) University Stuttgart 
ii) www.foederal.org 
iii) www.infoteam.de 
EU Yes 
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Q35: Given that the end users endorse the COMPAG approach, would your 
. . d h omamsation a ant the annroac 
CS Yes 
I assume that it would then be available commerciallv 
MB Yes 
Our company participated in the project from the beginning and supports 
LU as much as possible. Parallel, we set up an own internal project, to do 
our internal work to be ready for an integration of the whole engineering 
nrocess. 
EU Yes 
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/) Understanding Process in Lamb Technicon 
The typical period for the development of one transfer line is about 48-50 weeks but 
due to market competition and pressure, customers have requested Lamb Technicon 
(refer to as Lamb) to reduce the development time to 42 weeks. Lamb conduct 
simultaneous engineering with their customers; an effective SE will take about six 
months but in most cases, due to time pressure, they can only have two months for SE. 
When Lamb is invited to SE by Ford, it is based on the understanding that the contract 
will be awarded to them. This shows the close working relationship between Lamb and 
Ford. 
At Lamb Technicon UK, they sub-contracted most of the work for mechanical design 
and building of the mechanical parts. The mechanical department at this site has limited 
capacity; they are able to handle tooling design for the machine but not for the design of 
a whole transfer line. They work closely with their sub-contractors; the sub-contractors 
are involved in a project from the start of SE, providing the conceptual design of the 
machine. 
When Ford initiate a new engine project, Lamb will be invited to tender to design and 
build the production machinery. Lamb is also invited for the simultaneous engineering 
of the new engine block. These meetings are usually attended by the engineers, mostly 
mechanical engineers, from the Marketing and Sales department. During these 
meetings, Ford will provide Lamb with the new engine parts drawings. Based on these 
parts drawings, Lamb will design the engine production machine and determine the 
contract proposal details. In most cases, the new machine is designed based on designs 
from previous projects, with necessary modification tailored to the requirement for the 
new engine cylinder block. Lamb will sub-contract the mechanical design work and the 
sub-contractor will provide the conceptual design of the machine and this is then 
presented to Ford. 
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When the contract proposal has been approved and the sale order has been issued, the 
Marketing and Sales engineers will produce a document, known as the "Green Book" 
for internal circulation. The Green Book contains all the details about the deal, the 
machine specifications, the financial details, project schedules etc. The issue of the sale 
order will also market the start of the project. A meeting is then held within Lamb to 
announce the new project officially and the Marketing and Sales department will hand 
the project to the Project Management department. This phase is known as the Pre-
engineering phase, in which the resources are allocated for the project, including 
human, financial, physical, logistical resources. Most of the mechanical design and 
building work are sub-contracted; the engineers from the mechanical department work 
closely with the sub-contractors, at the same time monitoring the development work. As 
the project enters the engineering phase, the control department also starts to design the 
control, electrical and hydraulic system. Once the design of the machine is completed, 
the manufacturing of the parts begins. The assembly of the machine begins when the 
parts are manufactured. At this stage, Lamb's technician will assemble the smaller parts 
and put in the associated electrical wiring; the work for assembling the base of the 
machine and the major electrical wiring work are sub-contracted involving sub-contract 
labourers. 
The commissioning of the machine comes in after the machine has been assembled. 
According to Lamb, commissioning is the only time to verifY the machine design after 
months of effort. Commissioning of the machine includes the downloading of the 
control software and testing, which is known as "Shakedown". This usually involves 
one commissioner and one control engineer. After commissioning, the machine would 
have achieved "autocycle", i.e. the machine is able to run properly without any parts, 
also known as the "dry run". This is followed by testing and adjustment of the machine. 
Parts are supplied by Ford for the testing. The purpose of this process is to make sure 
that the work quality meets the production requirement of Ford. At this phase, Lamb 
also have to check that the production speed of the machine meets the requirement, i.e. 
run capability. Ford will send its engineers to check that the requirements are met 
before approving the project, i.e. acceptance. Once Ford has accepted the test results, 
Lamb will be able to tear down the machine and prepared for shipment. 
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To install the machine at Ford's plant, Lamb will employ sub-contract labourers for the 
installation work. When the machine has been installed and tested, it is ready for 
production, i.e. Job I. For a transfer machine, Lamb will usually deploy about twenty 
engineers. This is reduced to two engineers, (one mechanical and one control engineer) 
once the machine is rurming smoothly. 
In terms of handling customer changes, Lamb's has a set of change management policy. 
The changes are categorised as "Post Order Changes" and ''Non Post Order Changes". 
"Post order changes" are the changes requested by the customer and "Non Post Order 
Changes" are changes initiated by the machine builder and are not chargeable to the 
customer. When a change is requested by the customer, Lamb will assess what will be 
the impact of the change to the whole machine and make a cost estimation. If the 
customer agrees with the quotation for the change, the change will proceed. In most 
cases, Non-POC are minor changes and would not have much impact on the overall 
project. POC, on the other hand, will have an impact on the project development, 
resulting in changes such as design changes, changes in budget or changes to project 
schedule etc. 
11) CIMOSA based process models for Lamb' 
The CIMOSA based process models for Lamb are shown in Figure C.I to Figure C.5. 
11/) IThlnkTM Model for Lamb 
Please refer to the CD-ROM attached to the thesis. 
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/) Understanding Processes in Krause 
Krause has thirteen milestones for each project, which is shown in Figure 0.1. The 
flowchart in Figure 0.1 shows the process after Krause receives a contract. Internally, 
Krause will organise a team of 10 people to manage the project. There will be a project 
leader to coordinate the project and a representative from different departments, 
including mechanical design, control design, manufacturing and assembly. The design 
work starts with the design of the pallet (i.e. a carrier for the parts), followed by the 
layout of the assembly line, the design of the conveyor system and then the design of 
the assembly machine. At each stage, customer approval is required before proceeding 
to the next stage. When the mechanical design of the machine is completed, a meeting 
will be held and the design is presented to the other departments. The electrical design 
will begin after the mechanical design and a prototype is produced for the customer 
approval. The control design begins after prototyping, followed by mechanical 
installation and electrical installation. Once the machine has been assembled and wired 
up, the commissioning begins. 
The commissioning usually lasts three to four weeks and only one commissioner is able 
to commission the machine. Krause has a series of test which are conducted internally 
to ensure that the machine has met the specifications. When the customer has given 
their approval for the machine, the machine is taken apart and packed for shipment. 
According to one of the commissioner in Krause, about 80% of the machine functions 
are repetitive. At the moment, to reuse these repeated control functions, the engineers 
have to "cut and paste" the design from previous machine design. However, it depends 
on whether anyone in the team could recall which project it was. Krause would like to 
reuse more of these machine functions more systematically. 
At the time of the project, Krause was looking into ways to systematically reuse their 
design and to establish product data management within the organisation. The main 
idea is to establish a common database which stores all the common information or data 
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required by the different departments. Once the information/data are entered into the 
database, it will be available to users in different departments within the organisation. 
This helps to maintain a systematic achieving of information, ensuring data consistency 
within the organisations. It ensures that everyone involved in a project is operating on 
the same set of data. 
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I) Proposal for Scenario Testing 
Scenario 1: Process Translation 
Objectives: 
• To assess the level of translation that is required during the process 
AS-IS TO-BE 
er Paper based documentations requiring er The low level control knowledge are 
translation encapsulated within a component; the 
control behaviour is described in a way 
that can be understood by the user 
er Control logic available remotely and 
visually aided by 3D models 
Tasks: 
to trace the process of machine design and build 
to count the number of times in which data are translated from one form to 
another 
Matrix' . 
Factors Measurements 
Effectiveness The number of translation required 
Scenario 2: Modification of Design 
Objectives: 
• To assess the easiness/complexities of changing the mechanical, electrical and 
control design 
• To assess how the engineering tools will support the changes 
AS-IS 
Control Logic 
er Changing control logic requires 
specialised knowledge such as 
programmable logic control (PLC) in 
ladder logic 
TO-BE 
Control Logic 
er The low level control knowledge are 
encapsulated within a component; the 
control behaviour is described in a way 
that can be understood by the user 
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"'" modification of control logic requires 
the user to go through the logic 
implemented in ladder logic rung by rung 
"'" modification of control logic done 
through changing the interlocks 
Mechanical 
"'" Mechanical engineers will assess the 
changes for tooling and redesign the 
mechanical parts 
Task: 
To make a change to the control logic 
Role Play: 
control engineer, mechanical engineer, electrical engineer 
Observations: 
Observe the procedure required for making the change 
Matrix' . 
Factors Measurements 
i) Level of abstraction High: Able to implement without the knowledge of 
internal implementation (i.e. control programming 
knowledge, such as C++ language, ladder logic, 
programming instructions) 
Moderate: Able to implement with some knowledge of 
internal implementation (such as acquire through 
experience) 
Low : Able to implement with a complete knowledge of 
internal implementation 
ii) Level of experience High: Complete knowledge of the internal 
implementation of control system 
Moderate: Do not have the knowledge of the internal 
implementation of control system but know the causal 
relationships 
Low : Do not have both the knowledge of the internal 
implementation and the causal relationship 
iii) Complexity The number of steps that is required 
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Scenario 3: System Validation / Analysis 
Objectives: 
• To assess the possibilities of carrying out system testing or validation at an earlier 
stage. 
• To assess the possibilities for sub-system testing or incremental testing. 
AS-IS TO-BE 
er System verification only during er System verification at various stages 
commissioning of development using simulation 
er 3D models constructed separately or Control behaviour of 3D models 
without the associated control behaviour implemented directly using the real 
machine logic 
er Specialised knowledge required to er control behaviour available to all 
interpret machine behaviour interested parties in a way that the users 
can easily relate to 
er Experience based design and 
implementation 
Task: 
To decompose the system into several sub-systems 
Test each sub-systems individually 
Role Play: 
a control engineer 
Tools required: 
KrauselLamb test machines 
PDE 
VRML 3D models 
Observations 
Assess the control behaviour of each sub-systems 
Matrix • .
Factors Measurement 
i) Effectiveness at which stage of the process is verification possible, the 
higher the number of stages, the higher the effectiveness 
ii) Level of High: Able to implement without the knowledge of internal 
abstraction implementation (Le. control prograrmning knowledge, such as 
C++ language, ladder logic, prograrmning instructions) 
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Moderate: Able to implement with some knowledge of the 
internal implementation (such as acquire through experience) 
Low: Able to implement with a complete knowledge of 
internal implementation 
iii)Level of High: Complete knowledge of the internal implementation of 
experience control system 
Moderate: Do not have the knowledge of the internal 
implementation of control system but know the causal 
relationships 
Low: Do not have both the knowledge of the internal 
implementation and the causal relationship 
iv) Accuracy High: Behaviour of models fits the specification of machine 
completely 
Average: Behaviour of models fits some of the specification 
of the machine 
Low: Behaviour of models do not fit the specification of the 
machine 
v) Resources Cost: the amount of money required to provide the items 
required 
Time: the amount of time required to provide the items 
Scenario 4: Remote Diagnostic/Maintenance 
Objectives: 
• To assess the efficiency/effectiveness of diagnosing a machine remotely 
• To assess the easiness/complexities of monitoring the machine remotely 
• To investigate the possibilities of offering multi-perspectives for understanding 
machine behaviour. 
AS-IS TO-BE 
<r Remote diagnostic possible "'" The Iow level control knowledge are 
encapsulated within a component; the 
control behaviour is described in a way 
that can be understood by the user 
<r Control logic available remotely but er Control logic available remotely and 
only in terms ofladder logic visually aided by 3D models 
"" Remote monitoring possible but er Remote monitoring possible and 
without visual aid visually aided by 3D models. 
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Tasks: 
Task! 
to inject error onto the machine 
to diagnose the machine remotely using different tools (telephone, video 
camera, PDE tools) 
Task 11 
To control the machine from remote location 
To record the machine operation for a period oftime 
To replay the recorded machine operation 
Role Play: 
operator 
Tools: 
control engineer 
Ford Test Rig 
PDE 
Observations: 
Task! 
, 
To note the process of recovery 
Task 11 
- To note the process of remote controlling 
- To note the process of replaying the machine operation 
Matrix' , 
Factors Measurements 
i) Efficiency Time taken to complete the task 
ii) Resources Cost: the amount of money required to provide the items 
Time: the amount of time required to provide the items 
Scenario 5: System Manipulation 
Objectives: 
• to test the ease of manipulating the system to a desired state 
• to assess the level of knowledge required to assess the ability to manipulate the 
system 
Tasks: 
To inject errors to the machine while it is running 
Role Play: 
a control engineer / commissioner 
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Tools required: 
Ford Test rig or KrauselLamb test machines 
Observations: 
Observe the procedures required to recover the machine 
Matrix-. 
Factors Measurements 
i) Level of abstraction High: Able to implement without the knowledge of 
internal implementation (i.e. control programming 
knowledge, such as C++ language, ladder logic, 
programming instructions) 
Moderate: Able to implement with some knowledge of 
internal implementation (such as acquire through 
experience) 
Low: Able to implement with a complete knowledge of 
internal implementation 
ii) Level of experience High: Complete knowledge of the internal 
implementation of control system 
Moderate: Do not have the knowledge of the internal 
implementation of control system but know the causal 
relationships 
Low: Do not have both the knowledge of the internal 
implementation and the causal relationship 
iii)Complexity The number of steps that is required 
Scenario 6: System Design 
Objectives: 
• To assess the process of designing and building a machine using the 
COMPAG tools 
• To assess the time difference in using CBA 
Tasks: 
to specify, design and build the mechanical system of a machine 
to specify, design and build the control system of the machine 
to specify, design and build the electrical system of the machine 
Role Play: 
a mechanical engineering, 
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a electrical engineer, 
a control engineer. 
Tools required: 
for control, PDE 
Matrix' . 
Factors 
i) Level of abstraction 
ii) Level of experience 
iii)Complexity 
iv) Resources 
Measurements 
High: Able to implement without the knowledge of 
intemal implementation (i.e. control programming 
knowledge, such as C++ language, ladder logic, 
programming instructions) 
Moderate: Able to implement with some knowledge of 
internal implementation (such as acquire through 
experience) 
Low : Able to implement with a complete knowledge of 
internal implementation 
High: Complete knowledge of the internal 
implementation of control system 
Moderate: Do not have the knowledge of the internal 
implementation of control system but know the causal 
relationships 
Low : Do not have both the knowledge of the internal 
implementation and the causal relationship 
The number of steps that is required 
Cost: the amount of money required to provide the items 
Time: the amount oftime required to provide the items 
1/) Diagnostics Process of Machine Builder 
Figure E.2 shows the current diagnostic process for machine builders. When the end 
user encounter problems on the machine, the maintenance engineers will try to establish 
the problem and the possible solutions. They will try their solutions on the machine and 
validate the solution. If the problem cannot be solved, they will call the machine builder 
for help. This is usually done through phone or through exchanges of emails. In most 
cases, the machine builder's engineers usually rely only on the archived records of the 
machine logic (i.e. in ladder logic) and try to understand the situation based on the 
maintenance engineer's description, establishes the problem and the possible solution. 
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The engineers also relied on their experience in problem diagnostics. With the help of 
the ladder logic, the engineers will form a mental model of the machine and try to 
imagine the problem that is occurring. The engineers will suggest the possible solution 
to the maintenance engineer for the latter to try out on the machine. If the problem still 
can not be solved, then the machine builder's engineer will have to go on site to solve 
the problem. 
Currently, although the machine builders are able to logon remotely to the end users' 
machine, they can only access the control software of the machine. They do not have 
virtual simulation of the machine at real time. Feedback from the machine builders 
shows that they would like to have visualisation of the machine at real time and check 
the performance against the control software coding. This will help them establish the 
problems and derive solutions to the problems. 
End User 
~ P Maintenance 
~ Engineer 
~~~ 
• Establish SOI!OH ~""''''~'''''''''''''''''' 
Assessment Validation Solution 
Machine Builder 
•
. , LadderLogic 
~ Experience 
, ...... 
" Mental Model of Machine 
~ 
Assessment Validation Solution 
Solved? :::;;_--_-"""-0 ___ --' 
Figure E.1 Diagnostic process under current practice 
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Errors and warnings on the machine are differentiated on the HMI. Errors are problems 
on the machine which required the operator to attend to it immediately, while warnings 
are to make the operator aware of the possibilities of error occuning. 
Different machine builders have different strategies for error handling. For example, the 
assembly line machine builder, Krause, classifies errors according to the degree of 
severity and prioritises the error messages. Severe errors are those which resulted in the 
machine being out of auto-cycle and require the system to be reset. These errors are 
given the highest priority and will only clear after the system has been reset. Errors 
which are less severe, the message on the HMI will clear once the problem has been 
dealt with. For metal cutting machine builder, Lamb Technicon, critical errors will 
result in the stopping of the machine. For errors which are less severe, the machine will 
stop at the end of a cycle or the zone which it is in. 
Very often, errors which are not severe is often taken care of by the operator after 
resetting the machine and will not affect the operation of the machine. The problem 
may not be severe, but it will affect the overall performance of the machine in the long 
run. Errors and warnings are important to the maintenance engineer, who needs to keep 
the machine in good "health", but it requires a lot of discipline from the operator to log 
down the detailed operation on the machines. Figure E.2 summaries the current practice 
on the shop floor as described above. 
Reset Record Errors 
Figure E.2 Error diagnostics under current practice 
End users are constantly finding ways to cut down costs and reducing inventory is one 
of it. Increasingly, they are requesting more information from the machine builders on 
the failure rate of the components and the machine. They would like to delay the 
purchasing of the spare components to a later date. They also would like to reduce the 
frequency of machine maintenance because every maintenance implies machine down 
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time. To provide such information to the end users, the machine builders obviously rely 
on feedback and the detailed documentation of machine operation from the end users. 
As mentioned above, it requires discipline from the end users to log down detailed 
operation on the machines and send them to the machine builders. The process of 
keeping a good log, regrettably, does not work out very well. 
The engineering supporting tools in the COMP AG environment can be used for the 
maintenance of the machine. The machine builders can logon remotely to the end user's 
machine and download the operation log of the machine. With an intelligent component 
which is capable of performing self-diagnosis, such as keeping track on the number of 
operations it had performed and number of failures, the machine builder can access 
these information on the components and determine if the components required a 
replacement. For the end users, such facilities will also enable their own maintenance 
engineers to perform regular check on the machine, too. The engineers can download 
the information from the machine, replay the operation using the VRML based 3D 
model, retrieve the STD or timing diagram and check the operation against the STD 
and timing diagram. The scenario using the COMPAG tool is illustrated in Figure E.3. 
Remote Diagnose 
Figure E.3 Using the COMPAG tools for remote maintenance 
Failure Rate 
Machine Check 
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